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SITE : Navajo- Nanabah Vandever Uranium Mine

EPA ID* : Not Assigned

1. SITE INFORMATION

SITE LOCATION: The abandoned Nanabah Vandever Uranium mine is
located approximately four miles east northeast of Prewitt, New
Mexico 87045 (Fig 1, Ref 1). Travel east on U.S. 66 frontage road
from the Prewitt Post Office for approximately one mile. Turn north
on an improved dirt road and go under the railroad. Take the second
left (4 mi.). Go through the gate (no trespassing sign). The site
is 0.75 miles from the gate on the south side of Haystack
Mountain.(Fig.8) The site map location is T13N, R11W, Section
24.222 Bluewater_ Quad, New Mexico (1). Geographic coordinates for
the site
(1).

are 35° 20' 47" N latitude and 107U57' 00" W longitude

The mine is located on an expired mining claim approximately 1/4
section or 160 acres in size (40). The site itself is reported to
be an open pit approximately 6 acres in size and 15-20 feet deep
(23,24,27). Three different windshield surveys were conducted in
the area, but no pit was found. It is possible the pit was filled
in with waste from its own or adjacent mining activities. The waste
piles are readily accessible (Fig. 4,5). This site is in close
proximity to the Brown Vandever Mine site and several other
abandoned uranium mine sites located on State lands (Fig.2).

OWNER AND OPERATOR: The Nanabah site is on an Indian Land Allotment
issued to Nanabah Vandever in 1926 (41). The allotment, under the
authority of the Bureau of Indian Affairs (BIA), has been probated
to 31 heirs. Further information involves interaction with the
heirs and the BIA (2). Currently, there is no operator. Past
operators are listed under Section 2. The mineral rights belong to
the current allotment owners (50).

PURPOSE OF INVESTIGATION: The Nanabah Vandever Uranium Mine was
reported to be a potentially contaminated waste site by the Navajo
Superfund Office field reconnaissance team in 1990.

BACKGROUND OPERATING HISTORY

The primary lease holders for the site were: 1952-54
Williams; 1955-56 Santa Fe Uranium; 1955 Federal Uranium
Santa Pe Uranium; 1956-57 Federal Uranium Corp.(26).
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The site is in the Ambrosia Lake subdistrict of the Grants uranium
district (25,27). No historical record of naturally occuring
radiation levels for the area has survived to the present (47). As
aforementioned, the site is recorded as being an open pit. It is
presumed the mining operation was carried out using conventional
mining techniques of drilling/blasting and front end loaders.
Overburden and low-grade ore were dumped over the side of the
outcrop onto the plain below (Figs.4,5).

The site produced 24,638 tons of ore containing 0.22% U-f) g(Uranium)
and 0.18% V^Dc (Vanadium) . The milled ore yield was 115,075 Ibs

and 85,545 Ibs. V-Cb
aT

26 , 27 ) . The ore was transported to the
Anaconda Mill in BluewaTer, NM during the mining period (49).

KNOWN/ POTENTIAL PROBLEMS/CONTAMINATES

The waste piles are suspected of producing surface and groundwater
leachate and fugitive dusts containing toxic heavy metals and
radionuclides . These possibly migrate onto grazing lands, into
homes, and into two aquifers of concern(Fig. 4, Ref.6,42). Leachable
heavy metals including: Selenium, Lead, Arsenic, Barium,
Molybdenum, Uranium, and Vanadium were found in an area ore
analysis, and therefore suspected to be in the waste piles
(29,30,33,34). Other suspected contaminates related to the waste
piles are the radioactive uranium progenies: Radon, Radium,
Bismuth, Thorium, and Polonium (28,31,32). The toxicities of these
heavy metals and radionuclides are well documented
(35,36,37,38,39).

The site has no containment, barriers, or warning signs, and is
readily accessible to humans and animals (Fig. 4, 5). The nearest
residence is 1/4 mile southwest of the site (Fig. 6, 8). As
aforementioned, livestock graze at the base of the waste piles. The
access road produced scintil lometer readings of 100 mR/hr compared
to a background of 6 mR/hr and 2.5X10* CPM (11). The Navajo
Superfund Office's Digilert (nuclear radiation monitor) set at 100
CPM sounded inside the closed reconnaissance vehicle near the site.
There is- no documentation of emergencies, accidents, or remedial
actions related to the site.

3. WASTE CONTAINMENT/HAZARDOUS SUBSTANCE

The waste piles contain an estimated 208.52 tons of toxic compounds
and elements dispersed throughout (8). There is no containment of
these piles, and the potential for fugitive dust and leachate

The elements of major concern are: Uranium, Vanadium,
Bismuth, Polonium, Selenium, Lead, Arsenic,
(28,34).

exists.
Radium,
Barium,

elements
Radon, Thorium,
and Molybdenum

PATHWAY CHARACTER1STICS

AIR PATHWAY: The potential migration for radon gas and fugitive
dust containing toxic elements from the waste piles is high due to



the semi-arid nature of the area, the particulate nature of the
waste, and the area's sporadic, southwesterly high winds.

GROUNDWATER PATHWAYS: Regionally, the site is bounded on the north
by the Central San Juan Basin and on the south by the Zuni Uplift.
The site is located on the Chaco Slope (43). The ore body was
contained almost exclusively in the Jurassic, Todilto Limestone
Outcrop (Fig.3 Ref.25,27,28). The Todilto is underlain by the
Jurassic, Entrada Sandstone formation which contains the major of
two aquifers of concern (3,22). The Entrada dips 4 degrees to the
northeast in the direction of well t!6T-521 (3,22). This formation
is the aquifer source for well I16T-521 which is for stock water
and possibly domestic use (16). It is also the artesian spring
source 1/2 mile northwest from the site ( Fig.8 Ref.l). The depth
to water is 100 ft (22). The other aquifer for the site is the
Upper Triassic, Sonsela Sandstone member of the Chinle formation
which sources the tribal municipal well #16T-551 (12,16,22). The
depth to water is 1000 ft. (16). The area is faulted with a
hydraulic conductivity estimated to be 10~*10 rm/sec (3,13). The
analysis of well S16T-551 in 1989 showed it to be in compliance for
heavy metals and radionuclides (9). No radionuclide/heavy metal
analysis records were avalible for stock wells. The net average
annual precipitation for the site is -43 inches (18,19,20).

SURFACE WATER PATHWAYS: The site is located on an outcrop which is
sloped 5 degrees to the north northeast (1). The waste piles set
on the plain below the outcrop (Fig.4). The estimated upgradient
drainage area is 23.7 acres (17). The drainage from the waste piles
runs onto the plain following no visible channel, and appears to
disperse over the plain (Fig.4). Therefore, there is no observable
downstream drainage. The regional, 1-Yr, 24-hr, rainfall event for
the site is 1.26 inches (45). A seasonal monsoon cloudburst is
likely to carry leachate and particulates onto the plain.

ON SITE PATHWAY: The site has no barricades, containment, or
warning signs. It is easily accessible by humans and animals. There
are direct routes of ingestion and inhalation of particulates and
Radon gas (45).

5. TARGETS

GROUNDWATER TARGETS: There are three active wells and one artesian
spring within the 4 mile site radius (Fig.7 Ref.1,15,16) . The
Haystack Mountain community municipal water system and former
stock well. &16T-551 was developed by the Indian Health Service
(IHS), and is currently operated by the tribe (12,16). The system
serves approximately 500 people (1,5,12,14). The total population
estimate for the area is 587 (1,5,12,14). It is assumed that people
not connected to the water system may utilize it via family and/or
friends. It is possible that approximately 85 area residents also
utilize stock well I16T-521 or an artesian spring northwest of the
site for domestic purposes (Fig.7,8). The stockwells and spring are
related to the Entrada Sandstone formation which lies directly
below the uranium-bearing Todilto Limestone, and is therefore
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5. Deep Well ̂ Mter ^S^M ê̂ : L-\ - ) 2 . 5 ( l o 4 ) C p m
6. Photograph Below: DRAINAGE sw OF N. VANDEVER URANIUM MINE

FIGURE 4

7. DESCRIPTION MIGRATION OF RADIOACTIVE MATERIAL ACROSS
ROAD UNCERTAIN DUE TO RADIOACTIVE MATERIAL DEPOSITED

ON ROAD DURING HAULING OPERATIONS. NOTE SHEEP GRAZING

IN FIELD, RIGHT CENTER MIDDLEGROUND.



FIGURE 6

RESIDENCE WITH GARDEN 1/4 MILE FROM SITE

*' 'eft ftrVc

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

URANIUM MINE

JUNE



FIGURE 7

ARTESIAN SPRING 1/2 MILE FROM SITE

,̂̂  Wr>.<-*-c VSjr'

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

URANIUM MINE

T. MORRIS,



1
E;

SCALE 1:240TC
o i MILE;

• l*\v ..« D 2000

.b

3G'JO
~—I-'

6000 7000 FEET

. KILOMETER

CONTOUR INTERVAL 20 F
LATUV is VEAN "^A LFVEL

\

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

FIGURE 8

T. MORRIS JUNE '90



subject to leachate contamination of heavy metals and
radionuclides.

SURFACE WATER TARGETS: There is no well defined drainage.
Therefore, the primary targets would be the flora within the
drainage area which could bioaccumulate contaminants to be ingested
by grazing animals, and fauna which use any storm-related puddles
as drinking water or wallows.

AIR TARGETS: The site waste piles are emitting Radon gas at an
estimated 7.33 Curies/Yr (45). This far exceeds the 20 pico curie
standard (46). It is estimated that 57 people live within 1/2 mile
of the site; 52 of them downwind (1,5,12,14). The combined Radon
emissions from this site and the adjacent abondoned mines pose an
immediate danger to these people.

ONSITE TARGETS: None known. The possibility exists that the species
listed under Sensitive Environments may be affected. Also livestock
and people have unhindered access.

SENSITIVE ENVIRONMENTS: At least one federally designated sensitive
environment lies within 1 mile of the site (21). Also, there are
listed/potential-threatened/endangered fauna and flora species in
the Haystack Mountain area (10). These are: Endangered Black Footed
Ferret (Mustela nigripes). Burrowing Owl (Athene cunicularia) .
Mexican Free-tailed Bat (Tadarida brasi1iensis), Mexican Spotted
Owl (S_trix, occidentalis) . Goshawk, Sharpshinned Hawk, and Rhizome
Fleabane (Erigeron rhizomatus).

6.OTHER REGULATORY INVOLVEMENT

PERMITS : No permit was found for Nanabah Vandever mine site.

STATE AGENCIES: None (Ref.47)

OTHER FEDERAL PROGRAMS: None (50)

REMOVAL CONSIDERATIONS: None

7. CONCLUSIONS AND RECOMMENDATIONS

The Nanabah Vandever mine site is dangerous and threatening. Put
into the perspective of combined effects with adjacent abandoned
uranium mines, and a problem results that calls for immediate
attention. It must be noted that there are numerous abandoned mines
in the Haystack Mountain area many of which are not on tribal or
allotment lands. There is evidence of human activity on the waste
piles and possibly entering adits. Remedial action is warrented for
those sites related to the Navajo Nation. Minimally, barricades and
warnings should be placed around those sites unrelated to the
Navajo Nation. Neither the Navajo nor New Mexico Abandoned Mine
Lands Programs have addressed the problems related to the Haystack
Mountain abandoned Uranium mines. Because these mines are in the
"Checkerboard" area of tribal, state, and private lands, neither
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agency wants to get involved. This has resulted in the area
residents being subjected to prolonged exposures of toxic and
carcinogenic elements.

Allotment owners, while not on tribal lands, receive services from
the Navajo Nation through their local chapter. The requirement for
these services is that they be registered voters with the Navajo
Nation. Any services provided by the chapter such as water,
electricity, housing, roads, etc. must first be approved by the
Bureau of Indian Affairs local agent (50). This paragraph was
deemed necessary to show the connection between allotment lands and
the Navajo Nation.
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agency wants to get involved. This has resulted in the area
residents being subjected to prolonged exposures of toxic and
carcinogenic elements.

Allotment owners, while not on tribal lands, receive services from
the Navajo Nation through their local chapter. The requirement for
these services is that they be registered voters with the Navajo
Nation. Any services provided by the chapter such as water,
electricity, housing, roads, etc. must first be approved by the
Bureau of Indian Affairs local agent (50). This paragraph was
deemed necessary to show the connection between allotment lands and
the Navajo Nation.



subject to leachate contamination of heavy metals and
radionuclides.

SURFACE WATER TARGETS: There is no well defined drainage.
Therefore, the primary targets would be the flora within the
drainage area which could bioaccumulate contaminants to be ingested
by grazing animals, and fauna which use any storm-related puddles
as drinking water or wallows.

AIR TARGETS: The site waste piles are emitting Radon gas at an
estimated 7.33 Curies/Yr (45). This far exceeds the 20 pico curie
standard (46). It is estimated that 57 people live within 1/2 mile
of the site; 52 of them downwind (1,5,12,14). The combined Radon
emissions from this site and the adjacent abondoned mines pose an
immediate danger to these people.

ONSITE TARGETS: None known. The possibility exists that the species
listed under Sensitive Environments may be affected. Also livestock
and people have unhindered access.

SENSITIVE ENVIRONMENTS: At least one federally designated sensitive
environment lies within 1 mile of the site (21). Also, there are
1isted/potential-threatened/endangered fauna and flora species in
the Haystack Mountain area (10). These are: Endangered Black Footed
Ferret (Musjt,eJLa nigripes) , Burrowing Owl (Atjhene cunicularia) ,
Mexican Free-tailed Bat fTadarjda brasi 1iensis), Mexican Spotted
Owl (S_tr.ix_ occidental is) , Goshawk, Sharpshinned Hawk, and Rhizome
Fleabane (Erigeron rhijsomatus ) .

6.OTHER REGULATORY INVOLVEMENT

PERMITS : No permit was found for Nanabah Vandever mine site.

STATE AGENCIES: None (Ref.47)

OTHER FEDERAL PROGRAMS: None (50)

REMOVAL CONSIDERATIONS: None

7. CONCLUSIONS AND RECOMMENDATIONS

The Nanabah Vandever mine site is dangerous and threatening. Put
into the perspective of combined effects with adjacent abandoned
uranium mines, and a problem results that calls for immediate
attention. It must be noted that there are numerous abandoned mines
in the Haystack Mountain area many of which are not on tribal or
allotment lands. There is evidence of human activity on the waste
piles and possibly entering adits. Remedial action is warrented for
those sites related to the Na\/ajo Nation. Minimally, barricades and
warnings should be placed around those sites unrelated to the
Navajo Nation. Neither the Navajo nor New Mexico Abandoned Mine
Lands Programs have addressed the problems related to the Haystack
Mountain abandoned Uranium mines. Because these mines are in the
"Checkerboard" area of tribal, state, and private lands, neither
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the semi-arid nature of the area, the particulate nature of the
waste, and the area's sporadic, southwesterly high winds.

GROUNDWATER PATHWAYS: Regionally, the site is bounded on the north
by the Central San Juan Basin and on the south by the Zuni Uplift.
The site is located on the Chaco Slope (43). The ore body was
contained almost exclusively in the Jurassic, Todilto Limestone
Outcrop (Fig.3 Ref.25,27,28) . The Todilto is underlain by the
Jurassic, Entrada Sandstone formation which contains the major of
two aquifers of concern (3,22). The Entrada dips 4 degrees to the
northeast in the direction of well S16T-521 (3,22). This formation
is the aquifer source for well #16T-521 which is for stock water
and possibly domestic use (16). It is also the artesian spring
source 1/2 mile northwest from the site ( Fig.8 Ref.l). The depth
to water is 100 ft (22). The other aquifer for the site is the
Upper Triassic, Sonsela Sandstone member of the Chinle formation
which sources the tribal municipal well #16T-551 (12,16,22). The
depth to water is 1000 ft. (16). The area J^s faulted with a
hydraulic conductivity estimated to be 10~^10 ""cm/sec (3,13). The
analysis of well #16T-551 in 1989 showed it to be in compliance for
heavy metals and radionuclides (9). No radionuclide/heavy metal
analysis records were avalible for stock wells. The net average
annual precipitation for the site is -43 inches (18,19,20).

SURFACE WATER PATHWAYS: The site is located on an outcrop which is
sloped 5 degrees to the north northeast (1). The waste piles set
on the plain below the outcrop (Fig.4). The estimated upgradient
drainage area is 23.7 acres (17). The drainage from the waste piles
runs onto the plain following no visible channel, and appears to
disperse over the plain (Fig.4). Therefore, there is no observable
downstream drainage. The regional, 1-Yr, 24-hr, rainfall event for
the site is .̂.26 inches (45). A seasonal monsoon cloudburst is
likely to carry leachate and particulates onto the plain.

ON SITE PATHWAY: The site has no barricades, containment, or
warning signs. It is easily accessible by humans and animals. There
are direct routes of ingestion and inhalation of particulates and
Radon gas (45).

5. TARGETS

GROUNDWATER TARGETS: There are three active wells and one artesian
spring within the 4 mile site radius (Fig.7 Ref.1,15,16). The
Haystack Mountain community municipal water system and former
stock well #16T-551 was developed by the Indian Health Service
(IHS), and is currently operated by the tribe (12,16). The system
serves approximately 500 people (1,5,12,14). The total population
estimate for the area is 587 (1,5,12,14). It is assumed that people
not connected to the water system may utilize it via family and/or
friends. It is possible that approximately 85 area residents also
utilize stock well f!6T-521 or an artesian spring northwest of the
site for domestic purposes (Fig.7,8). The stockwells and spring are
related to the Entrada Sandstone formation which lies directly
below the uranium-bearing Todilto Limestone, and is therefore



The site is in the Ambrosia Lake subdistrict of the Grants uranium
district (25,27). No historical record of naturally occuring
radiation levels for the area has survived to the present (47). As
aforementioned, the site is recorded as being an open pit. It is
presumed the mining operation was carried out using conventional
mining techniques of drilling/blasting and front end loaders.
Overburden and low-grade ore were dumped over the side of the
outcrop onto the plain below (Figs.4,5).

The site produced 24,638 tons of ore containing 0.22% U^Dg(Uranium)
and 0.18% V/£> ,- (Vanadium). The milled ore yield was ~115,075 Ibs
U^)gand 85,5^45 Ibs. Ya.% 5^2S ' 27^ " The ore was transported to the
Anaconda Mill in BluewaTer, NM during the mining period (49).

KNOWN/POTENTIAL PROBLEMS/CONTAMINATES

The waste piles are suspected of producing surface and groundwater
leachate and fugitive dusts containing toxic heavy metals and
radionuclides. These possibly migrate onto grazing lands, into
homes, and into two aquifers of concern(Fig.4, Ref.6,42). Leachable
heavy metals including: Selenium, Lead, Arsenic, Barium,
Molybdenum, Uranium, and Vanadium were found in an area ore
analysis, and therefore suspected to be in the waste piles
(29,30,33,34). Other suspected contaminates related to the waste
piles are the radioactive uranium progenies: Radon, Radium,
Bismuth, Thorium, and Polonium (28,31,32). The toxicities of these
heavy metals and radionuclides are well documented
(35,36,37,38,39).

The site has no containment, barriers, or warning signs, and is
readily accessible to humans and animals (Fig.4,5). The nearest
residence is 1/4 mile southwest of the site (Fig.6,8). As
aforementioned, livestock graze at the base of the waste piles. The
access road produced scintillometer readings of 100 mR/hr compared
to a background of 6 mR/hr and 2.5X10* CPM (11). The Navajo
Superfund Office's Digilert (nuclear radiation monitor) set at 100
CPM sounded inside the closed reconnaissance vehicle near the site.
There is no documentation of emergencies, accidents, or remedial
actions related to the site.

3 . WASTE__CQNTAINMENT/HAZARDOUS SUBSTANCE

The waste piles contain an estimated 208.52 tons of toxic compounds
and elements dispersed throughout (8). There is no containment of
these piles, and the potential for fugitive dust and leachate
exists. The elements of major concern are: Uranium, Vanadium,
Radium, Radon, Thorium, Bismuth, Polonium, Selenium, Lead, Arsenic,
Barium, and Molybdenum (28,34).

4. PATHWAY CHARACTERISTICS

AIR PATHWAY: The potential migration for radon gas and fugitive
dust containing toxic elements from the waste piles is high due to



iSSSaSE
S^*T£

.fejWfc.-^

^••j

^~^

*)<

U5fL MOM

^

^^
I"*£'i*

r* -i
.5̂

*N
'̂ T<^^ -K!

Ao.
>A

Fooo

»*^25^
i^«. X "V-*^

' X. -T%r^>2. •
•.;f'»* o •
.'/*•/

/
^'^--nr^r/i *w -^fw?**m'f.f* v& «c i Sf//T *-*

^<te^Pp;̂F^
' îfflte

T '

V
*l I

i<">

A ^1e*»i
(NVJ

''" ̂J^4>iw ^2V, 'i'̂ .
*&'&

t_ ay
•,C;; :f?34/

/; ;''-̂ '••^TJf

t J*

^HsV

l^V^>.>-V-^/V'

- >£""•-> • '̂",>A

^^'tl

r

/19
C7?

.-<r^.'-, , •>, ,;.••'!:»V ( ..^_...

r-. i>>:
.-*

»
),5i> .-v A «

:A^
»:j£rs--

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINI
FIGURE 2

T. MORRIS JUNE '



\
I
I
I
i
I
1
1
I
I
I
1
I

NEW MEXICO S=JL-

ROAO CLASSinCATIONC

RESERVATION

NAVAJO SUPERFUND (MEFIGURE | 1 ; REPRINTED BY PERMISSION

NAVAJO-NANABAH VAlf-
DEVER URANIUM MINS

JUNE.'90 T. MORRIS



PRELIMINARY ASSESSMENT

DATE : June, 1990

PREPARED BY: Tom Morris, Environmental Specialist
Navajo Superfund Office

SITE : Navajo- Nanabah Vandever Uranium Mine

EPA IDt : Not Assigned A/K'i'M <&(ol» fc> ̂  (O^i

1- SITE INFORMATION

SITE LOCATION: The abandoned Nanabah Vandever Uranium mine is
located approximately four miles east northeast of Prewitt, New
Mexico 87045 (Fig 1, Ref 1). Travel east on U.S. 66 frontage road
from the Prewitt Post Office for approximately one mile. Turn north
on an improved dirt road and go under the railroad. Take the second
left (4 mi.). Go through the gate (no trespassing sign). The site
is 0.75 miles from the gate on the south side of Haystack
Mountain.(Fig.8) The site map location is T13N, R11W, Section
24.222 Bluewater Quad, New Mexico (1). Geographic coordinates for
the site are 35° 20' 47" N latitude and 107 "57' 00" W longitude
(1). •

The mine is located on an expired mining claim approximately 1/4
section or 160 acres in size (40). The site itself is reported to
be an open pit approximately 6 acres in size and 15-20 feet deep
(23,24,27). Three different windshield surveys were conducted in
the area, bu'_ no pit was found. It is possible the pit was filled
in with waste from its own or adjacent mining activities. The waste
piles are readily accessible (Fig. 4,5). This site is in close
proximity to the Brown Vandever Mine site and several other
abandoned uranium mine sites located on State lands (Fig.2).

OWNER AND OPERATOR: The Nanabah site is on an Indian Land Allotment
issued to Nanabah Vandever in 1926 (41). The allotment, under the
authority of the Bureau of Indian Affairs (BIA), has been probated
to 31 heirs. Further information involves interaction with the
heirs and the BIA (2). Currently, there is no operator. Past
operators are listed under Section 2. The mineral rights belong to
the current allotment owners (50).

PURPOSE OF INVESTIGATION: The Nanabah Vandever Uranium Mine was
reported to be a potentially contaminated waste site by the Navajo
Superfund Office field reconnaissance team in 1990.

BACKGROUND OPERATING HISTORY

The primary lease holders for the site were: 1952-54 Glen
Williams; 1955-56 Santa Fe Uranium; 1955 Federal Uranium Corp.,
Santa Fe Uranium; 1956-57 Federal Uranium Corp.(26).
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SOURCE TYfE

MINE WASTE PILE!

A

B

OPEN PIT

HEAVY METALS &

METALLOIDS

RADIOACTIVE

PROGENIES

SIZE
(Volume/Area)

36,814.8 yd3

12,148.9 yd3

30 ,976 yd2

UNKNOWN

NONE

ESTIMATED
WASTE QUANTITY

160.4 Tons

48.1 Tons

UNKNOWN

UNKNOWN

UNKNOWN

SPECIFIC COMPOUNDS

D30g, V205

u3og, v2o5

°3°8, ^2°5

SELENIUM
LEAD
ARSENIC
BARIUM
MOLYBDENUM

THORIUM
RADON
RADIUM
BISMUTH
POLONIUM

CONTAINMENT?

NONE

NONE

NONE

NONE

SOURCE OF
INFORMATION

Ref . 8 , 2 5 , 2 6 , 2 7 ,
34

Fig. 4, 5

Ref . 2 4 , 2 6 , 2 7 , 3 4 1

Fig. 4, 5

Ref .28,34
Fig. 4, 5

Ref .28,34
Fig. 4, 5.

to

t Use additional sheets if necessary
2 Evaluate containment of each source from the perspective of each migration pathway (eg, ground water pathway • nonexistent, natural or

tynthttk liner, corroding underground storage tank; surfact water - inadequate freeboard, corroding bulk tanks; air unstabilized slag piles.
leaking drums, etc)



TABU 2
HYDROGEOLOGIC INFORM ATI ON 1

STIUTA NAME/DESCRIPTION

ENTRADA STANDSTONE
Alternating fine-grained cross-
beded sandstone and calcerous
siltstone

WINGATE SANDATONE
Moderate brown to moderate
reddish-orange medium grained
crossbeded sandstone

CHINLE FORMATION
Alternating layers of siltstone
and sandstone

MOENKOPI FORMATION

Sandstone interbeded with
lenticular pebble conglomerate
and layers of limestone and
sandstone

SAN ANDRES LIMESTONE

Interbeded and adjacent layers
of limestone and sandstone

THICKNESS
(ft.)

180-190

120

1395

26

115"

DEPTH TO WATER
(ft)

100

NO AQUIFER

1000

NO AQUIFER

1500

HYDRAULIC
CONDUCTIVITY

(cm/sec)

10~3- 10~5

10~5- 10~7

10~3- 10~5

10~5- 10~7

10~3- 10~5

TYPE OF
DISCONTINUITY?

UNCONFORMITY

UNCONFORMITY

UNCONFORMITY

SOURCE OF
INFORMATION

Ref .13,16,22

A

*\
Ref .13,16,22

Ref .13,16,22

Ref .13,16,̂ 1

Ref .13,16,22

1 U*t additional sheets if necessary
2 Identify the type of discontinuity within four-miles from the site (e.g., river, strata "pinches out", etc )
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> 40 ••••• 60

> 60 ••••• 80

>80 --100

> 100-125

DETERMINE THE DISTANCE FROM THE SITE TO THE
NEAREST OF EACH OF THE FOLLOWING LAND USES,.

( m i1es )

C o m m e r c; i a 1 /1 n d u s t r i a 1 /
Institutional 5,. 2 4

S1 n ale F a m i 1 y Res i c! e n t i a 1 0 „ 2 5

M u 11 i -• F amily Res i d e n t i a 1 0 „ 5 .

Par k 6 ,. 5

Aaricultural

Source of information:: Ref , 1 :, 5 ,, .1.2
3a. SUMMARIZE THE POPULATION WITHIN A FOUR-MILE

RADIUS O F T H E SITE" . . . - - . - . - - - -

DISTANCE PQPULAIJ.QN
(miles )

1/2

1

S o u r c: e o f i n f c r rn at i o n ~"' "Ref „ 1 ., 5 ,, 12 „ 1 4
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18. DISCUSS THE PROBABi E SURFACE RUNOFF PATTERNS
FROM THE SITE TO SURFACE WATERS"

The runoff fans out of an alluvial plain with
no visible channel. (Fig.4;.Ref.1)

19. PROVIDE A SIMPLIFIED SKETCH OF SURFACE RUNOFF
AND SURFACE.WATER FLOW SYSTEM FOR 15 DOWNSTREAM
MILES ('see Item # 36).

20. ANY POSITIVE OR CIRCUMSTANTIAL EVIDENCE OF
SURFACE WATER CONTAMINATION? No

Describe: ____________________________

21. ESTIMATE THE SIZE OF THE UPGRADIENT DRAINAGE
AREA FROM THE SITE: 23,7-acres

22. DETERMINE THE AVERAGE ANNUAL STREAM FLOW OF
DOWNSTREAM SURFACE .WATERS.

Water body: None

Water body: __________

Water body: __________

Source of information: Windshield Survey

23. IS THE SITE OR PORTIONS THEREOF LOCATED IN
SURFACE WATER? No (ReT.21)

24. IS THE SITE LOCATED IN A FLOCDPLAJN (indicate
flood frequency)? No (Ref. 1,7)

25. IDENTIFY AND LOCATE (see Item # 36) ANY SURFACE
WATER RECREATION AREA WTTHIN 15 MILES
DOWNSTREAM MILES OF THE SITE:. None

Source of information: Ref.l

26. TWO YEAR 24-HOUR RAINFALL: 1.2 Inches (Ref. 19)

27. DISCUSS GROUND WATER USAGE WITHIN FOUR MILES OF
THE SUE: Ground water is used for. .livestock
watering and for domestic use.

Source of information: Rcf.15,16

28. SUMMARIZE THE 'POPULATION. SERVED BY GROUND WATER
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fault inq beina a possible pathway..

Source of information: Ref .3 ,2'9 ,3O ,31 ,32 ,33

IE. ON TABLE 2 (page 13), GIVE NAMES, DESCRIPTIONS,
AND CHARACTERISTICS OF 6EOLOaiCAL/HYnROfiEOLDSIC
UNITS UNDERLYING THE SITE,

1C., NET PRECIPITATION: -43 Inchon (!?«f, 18,20 )
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_X_ Federal . .....,,..,.,.. County . :_ .

_X_ Other (describe); Indian Allotment

5. NAME OF SITE OPERATOR: Abandoned .

ADDRESS:'Unknown

CITY: .............................................____.__. COUNTY" ______

STATE: __________________ ZIP: ._.,.___..

PHONE: .........................................

BACKfiRCUND/QPERAIiNG HISTORY . . .

6. DESCRIBE OPERATING HISTORY OF SITE": The mine
was operated: 1952-5.4 Glen Williams; 1955-56
Santa Fe Uranium; 1955 Federal Uranium Corp,
& Santa Fe Uranium: 1956-57 Federal Uranium
Corp.

S o u rce of infor m a tio n: Ref.26

7. DESCRIBE SITE AND NATURE OF"SITE OPERATIONS
(property size, manufacturing, waste disposal,
storage, etc.): The lease is 1/4 section. The
pit? is approximately.. 6-acres, The waste.was
dumped over the s.,ae of the outcrop onto the
P1 a i n be 1 ow. Manu fact ur i rig t oo k pi ace at t he
Anac o n d a M i 11 , B1 uewater,-NM.

Source of information:. Fig.4,5; Ref.24,48

8. DESCRIBE ANY EMERGENCY OR REMEDIAL ACTIONS THAT
HAVE OCCURRED AT THE SITE: No_._e.vidence of
emergency or remedial.actions.

Souroe of i nfor mat ion: Fig„4,5

9. ARE THERE RECORDS OR KNOWLEDGE OF ACCIDENTS OR
SPILLS INVOLVING SITE WASTES? No

Source of information: None known

10. DISCUSS EXISTING SAMPLING DATA AND BRIEFLY
SUMMARIZE DATA QUALITY (.e.g., sample objective,
age/comparability, analytical methods,
detection limits and QA/QC): No sampling
records known to exist. . _

Source of Information: None Known
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PA

Name: Tom Morris Location: T13N, R]1W« S ,. 24

Site Name- Nanabah Vandever Hate: June,, 1990

CONSIDERATIONS . . _
A) DOET; ANY QUALITATIVE OR QUANTITATIVE INFORMATION

EXIST THAT MAY INDICATE AN OBSERVED RELEASE TO AIR,
GROUND WATER,, SOIL.. OR SURFACE WATER? Tes
Describe- Soint i. 1 1 omenter read in as of 100 rr.R/hr and
> : oo CPM .

8} IF THE ANSWER TO # 1 IS YES, IS THERE EVIDENCE OF - .
DRINKING WATER SUPPLY CONTAMINATION OR ANY OTHER
••"ARGET CONTAMINATION (i.e.., foodchsin.,- recreation .
areas, or sensitive environments)? Yes

Describe:: Fcodchain ie, livestock grazing at the
base of waste piles, Possible ground water con
taminat :i. on ,. Threatened/Endagered species in area,,

C) ARE THERE SENSITIVE ENVIRONMENTS WITHIN A 4-MILE
RADIUS OR 15 DOWNSTREAM MILES OF THE SITE? Yes
IE YES, DESCRIBE IF ANY OF THE FOLLOWING APPLY"

-• :•-,- j. t i p 1 e sens 1 1 i ', ._• env i r onment s? Numerous sur face
water bodies , CRef.. 21 )

-• i:;" e d e r1 a i 1 y d e s i g n a ted s e r \ s i t. i v e e n v i r o n m e n t ( s ) ? Yes
S u r f a c e w a t e r b o d i. e s „ t h r e a t e n e d / e n d anger e d species.
(Re P.. 10,21 )

•••• Sensitive en vir onment ( s ) downstream on a small or
B I aw f 1 o w in g surface water b o d y ? N o n e ( R e f , 1 )

D) IS THE SITE LOCATED IN AN AREA OF KARST TERRAIN? No

Descr i be : ( Re f . 22 , 23 )

E). IS THE AQUIFER UNDERLYING THE SITE A "SOLE SOURCE"
AQUIFER AS DESIGNATED ACCORDING TO SECTION 1424(e)
OF THE SAEE DRINKING WATER ACT? No

Describe: ( Rfv!" , 7)

F) DOES ANY QUALITATIVE OR QUANTITATIVE INFORMATION
EXIST THAT PEOPLE MVE OR ATTEND SCHOOL DN ONSITE

NAT'EO PROPERTY? Yes



Fac i l i t y Name: Nanabah Vandever Uranium Mine,

L o c a t i o n : Havstack I^ouqta i n . NM

EPA R e g i o n : vi_____________________

.Person(s) In Charge of the Facility: Vandever Heirs, BIA, NMOSM

BTfl

Name of Reviewer: Tom
Crownpoint, NM 87313

Date: 6/28/90
General Description of the facility:
(For example landfill, surface impoundment, pile, container; types of
hazardous substances; location of the facility; contamination route of
major concern; types of information needed for rating; agency action, etc.)

An abandoned Uranium mine site with associated ore waste piles left in

place. Waste piles suspected of containing radioactive progenies Rn, Ra,

Th, Bi, & Po and leaching heavy metals Se, Pb, Ar, Ba, Mo, U, & V. Con-

taminations of surface and around waters , and direct contact/exposure to

animals and humans possibly exist. The location is in a rural setting with

one community, 3 wells, & 1 artesian spring within the 4 mile site ..radius .
Further site assessment needed ie. air, sediment, plant tissue ^nalyses to
determine extet of r^Dn-t-aTinT nanf- nt"? rat*. i f>n off site.

Scores: SM * 8.64(Sg w * i4.sSsw « 3.7 o.O )

FIGURE 1
HRS COVER SHEET SUPERFUND

RLE

DEC 3 1 1991



NAVAJO SUPERFUND OFFICE

VANDEVER URANIUM MINE
PRELIMINARY ASSESSMENT REFERENCES

T. MORRIS

SUPERFUND
FILE

DEC 3 1 1991



THE NAVAJO NATIONLEONARD HASKIE 1 n E* 11I^*V*-%»JW lll*-%.lIVSrU IRVING BILLY
INTERIM PRESIDENT INTERIM VICE PRESIDENT

NAVAJO NATION NAVAJO NATION

HSO-90-78

July, 06 1990

Mark Satterwhite
Superfund Indian Coordinator
U.S. EPA Region VI
1445 Ross Avenue
Dallas, Texas 75202

Dear Mr. Satterwhite:

Enclosed is the Preliminary Assessment (PA) Package for the
Nanabah Vandever Uranium Mine, located near Haystack Mountain, New
Mexico. This report receives NSO internal approval and is now
ready for your review and comment.

Please call myself or Thomas Morris, the Environmental
Specialist II who prepared the package, for any questions you may
have regarding the report. We would appreciate a response in the
form of comments or approval at your earliest convenience. You may
reach myself or staff at (602) 871-6859, 6860 or 6861.

Sincerely,
SUPERFUND

RLE

DEC B 11991
Clara Bia
Havajo Superfund

Enclosures

cc: Peter Sam, William Taylor, Superfund Site Assessment Section
Deborah Vauqhn-Wright

~

. \ •
Post Office Box 3O8 • Window Rock, Navajo Nation (Arizona) 86515 • (6O2) 871-4941



^% ^™P*%Jl REGION SITE N U M B E R I
WtnH POTENTIAL HAZARDOUS WASTE SITE IDENTIFICATION VI /̂̂ f̂ed

NOTE: The initial identification of a potential site or incident should not be interpreted as a finding of illegal
activity or confirmation that an actual health or environmental threat exists. All identified sites will
be assessed under the EPA's Hazardous Waste Site Enforcement and Response System to determine if
• hazardous waste problem actually exists.

A. SITE NAME _ _. | - % „. ». ST

"N -̂A-BSfTOMM'MlNlS; f$^^^y*\0 Ulft' 35*
r. CITY o. ST

PREWITT ]
s. OWNER/OPERATOR atimewn)

t. NAME

Ninaba Vandever/Federal Uranium Corporation

SE4ET (or othfr idtnttlirr)
20 '47" : 107° 57 '00"

ATE E. ZIP CODE F. COUNTY NAME x , ,
^M 87045 MCKINLEY U ^ /

1 2. TELEPHONE N U M B E R

(unknown)
H. TYPE OF OWNERSHIP fil known)

Q ». FEDERAL Q 2. STATE Q 3. COUNTY Q «. MUNICIPAL jgjs. PRIVATE Q «• UNKNOWN ^ y TRIBAL

1. SITE DESCRIPTION
The site is an abandoned, open-pit uranium mine
Approximately 24,638 tons of ore was taken from
pounds of uranium oxide.

J. HOW IDENTIFIED (<.»., cltiitn'i eoaftuintf, OSHA citmttont, tie.)
FIELD SURVEY-OBSERVATIONS

which had a depth of about 20 feet,
the site which produced about 115,075

K. DATE IDENTIFIED
(mo,, dmy, 4 ye.)

1/23/90
L. SUMMARY OF POTENTIAL OR KNOWN PROBLEM

Mined ore overburden was strewn down the side of the terrance ontop of which the mine
is located. The slope down the side of terrace is about 60 degrees and evidence of
erosion was sighted. A major public road and homes are downgradient of the site.
Leachate from such sites are known to have toxic heavy metals and uranium progeny.

SUPERFUND
RLE

DEC 3 0 1991
REORGANIZE

M. PREPARER INFORMATION

*Eugene Esplain, Navajo Superfund Office
1. TELEPHONE MUMBEM »• DATE (mo,, 4my, * fr.)

602/871-3153 2/26/90 ___ j

i 2070.4 (S-tO)



LEONARD HASKIE
INTERIM PRESIDENT

NAVAJO NATION

THE NAVAJO NATION IRVING BH.LY
INTERIM VICE PRESIDENT

NAVAJO NATION

NSO-90-7S

July, 06 1990

Mark Satterwhite ". "^ ~'::-
Superfund Indian Coordinator '• .... -.'-
U.S. EPA Region VI "^
1445 Ross Avenue
Dallas, Texas 75202 - - - - , -'• ",'•

Dear Mr. Satterwhite: -,. "-2,

Enclosed is the Preliminary Assessment (PA) Package for the
Nanabah Vandever Uranium Mine, located near Haystack Mountain, New
Mexico. This report receives NSO internal approval and is now
ready for your review and comment.

Please call myself or Thomas Morris, the Environmental
Specialist II who prepared the package, for any questions you may
have regarding the report. We would appreciate a response in the
form of comments or approval at your earliest convenience. You raay
reach myself or staff at (€02) 871-6859, 6860 or 6861.

Sincerely, SUPERFUND
FILE

JAN 0 9 1992
Clara Bia REORGANIZED
Navajo Superfund Director

Enclosures

cc: Peter Sam, William Taylor, Superfund Site Assessment Section
Deborah Vaughn-Wright

Post Office Box 3O8 • Window Rock, Navajo Nation (Arizona) 86515 • (602)871-4941



Superfund Site Strategy Recommendation Region 6

Site Name;iyja\daJ.Q-ftjanaban Vandever Uranium Mine Site Number; NMD9B66691O9

Alias Site Name(s):

Address: 4 miles E NE of Prewit

City/County or Parish/State/Zip: Prewit/McKinley/MM/87313

Recommendation:

1. No further remedial action planned under Superfund.

Further pre-remedial investigative action needed under
Superfund:

PA____
5SI xx
To be performed by NAVAJD

Priority: High xx
Medium

Action may be appropriate under other authority:
NPDES_________SPCC_________4O4_________TSCA_____
UIC

SUPEPHJND
Fiut

SMCRA STATE RCRA
OTHER.

Discussion: PA

DEC 3 1 1991

HturitaANIZED

The abando'ned Nanabah Vandever Uranium mine produced 24,638 tons of ore
containing .227. Uranium and .187. Vanadium. The ore was transported to the
Anaconda Mill in Bluewater, NM during the mining period. The site is
recorded as being an open pit; however, no pit was found rather mine
tailings are present. The waste piles are suspected of producing surface
and ground water leachate and fugitive dusts containing toxic heavy metals
and radionuclides. There is potential for contamination of one of the
aquifers used and also for contamination of livestock used as food. The
site has no containment barriers, or warning signs, and is readily
accessible to humans and animals. The nearest resident is 1/4 mile
southwestpof the site. The access road produced a scinti1lometer reading
of 1OO /*w»R/hr compared to a background of 6./%R/hr. A roentgen (R) is a
measure of exposure and is roughly equivalent to 1 rem. A high radiation
area is any area accessible to personnel, in which there exists radiation
at such levels that a major portion of the body could receive in any one
hour a dose in excess of 100 mrem. Therefore, persons using even the road
to the site may be exposed to not only radiation dust but high levels of
radiation. The waste piles contain an estimated 2O8.52 tons of toxic
compounds and elements dispersed throughout. There is potential also for
radon exposure to individuals in the area. This site is recommended for a
high priority SSI.

Copies to (please list) Navajov>6E-E, 6W-S, ATSDR, 6T-AS

Recommended By:'

Approved By:
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AUG 0 3 1990

MEMORANDUM

SUBJECT: Superfund Site Strategy Recommendation

FROM:

TO:

William H. Taylor, Chief
Superfund Site Assessment Section (6H-MA)

Several Addressees

Attached are copies of the Superfund
Recommendations for the following sites:

Site Strategy

SITENAME

Jran ium - Min

Jimmy King #2
Uranium Mine

Brown Vandever
Uranium Mine

ERA ID

*TvlMD19866691O9

NMD986667558

NMD986669117

RECOMMENDATION

PA; SSI recommended

PA; No further action

PA; SSI recommended

If you have any questions about the enclosed material or need
additional information, please contact Barbara Driscoll at x6740.

Addressees:

Carl Hickham (ATSDR)
Oscar Cabra (6W-S)
Charles Gazda (6E-E)
Hank May (6T-AS)

Attachment

bcc: files l
/̂lA/)jV̂

6H~MA:MlSCOLL;BD: 8/3/9O: COMPAQ A:ADDR2

SUPERFUND
FILE

DEC 3 0 1991



AU6 0 3 1990

Clara Bia
Executive Director
Navajo Superfund Office
P.O. Box 2946
Window Rock, Arizona 86516

Dear Ms, Bia:

Enclosed are the Superfund Site Strategy Recommendations (SSSR)
except for the workplans for the following sites:

Site Name

Jimmy King #2
Uranium Mine

Brown Vandever
Ura'nium Mine

Begay #1

Begay #2

EPA ID

'NMD9866691O9 4

NMD986667558

NMD986669117

NMD986667426

NMD986667509

Recommendation

PA; SSI recommended

PAj No further remedial
action

PA; SSI recommended

SSI workplan; Approved

SSI workplan; Approved

If you have any questions or need additional Information, please
contact me at (214) 655-674O.

Sincerely,

Barbara Driscoll
Environmental Protection Specialist
Superfund Site Assessment Section C6H-MA)

Enclosure

bcc: Mark Satterwhite (6H-SA)

6H-MA:DRlSrofirtBD:8/3/9O:COMPAQ A:BIAl:X6740

TAYLOR

SUPERFUND
RLE

DEC 3 0 1991
REORGANIZED



SITE NAME : NAVAJO -

SITE LOCATION: PREWITT

SITE NUMBER : NMD986669109

LOG NUMBER : 89

A VANDEVER URANIUM Mil

ROUTE SLIP

HAZARDOUS WASTE SITE - INSPECTION REPORT

1. LEN PARDEE

11 INITIALS fl DATE 11 TIME (HOURS)
= = = = = = = = = = = = = =

11 fl H /, O

2.'

3.

==

-T-eM-̂ olS
HERB DAVIS
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(Copies to
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file,

H i c k a m ,
= = = :: = = =

cop
file
Wri

=== =

ies
)
ght
sss

of report,

6H-ES)

D

11
11
11
U

= =: =

-̂°̂  fl̂ "/̂

11
_ ffl

= = = = = = = = = = = = =: = sf s

>̂fl
n
n
}̂W 3̂

FILE CODE: SFD-24-1-3



TION REPORT REVIEW
...„ HAZARDOUS WASTE SITE

SITE NAME : NAVAJO - KANABAH VANDEVER URANIUM MINE
LOCATION : PREWITT
SITE NUMBER: NMD986669109
SURVEY DATE: ___/__/__ INSPECTED BY: STATE FIT TAT OTHER:
LABORATORY : __CLP __EPA __OTHER____________________

RECEIVED FROM: _____________________________ DATE RECEIVED: j7 / (s> /

SAMPLE TYPE(s):

SOIL SURFACE WATER GROUND WATER DRINKING WATER
off / on -site off / on -site off / on -site off / on -site

CONTAMINANT(s): Organics Inorganics Radionuclides Microbiological

FOLLOW UP (Y/N):
__ Locate Drinking Water Sources

__ (Re)Sampling Requested __ Keep Site Active ("N"=No Further Action)
__ Further Action is URGENT __ Concur with Report Recommendations

SUMMARY:
/ -y^ ft ~f

<_

SUPERFUND
FILE

DEC 3 0 1991

REORGANIZEr

L&^- 77
Concurrence: ENGINEER/REVIEWER



;>
* — — — - 8 UNITED S T A T E S E N V I R O N M E N T A L P R O T E C T I O N A G E N C Y

^ REGION VI
1445 ROSS AVENUE, SUITE 1200

DALLAS, TEXAS 75202

^1 . / -^
PATE:

MEMORANDUM

SUBJECT: Potential Hazardous Waste Site - Site Inspection Report

FROM: o. Thomas Love, Jr., P.E. |<A ̂
Acting Chief £\ .^
Water Supply Branch (6W-S) b̂̂ 3^

TO: Betty WiTliatnson
Chief
Superfund Management Branch (6H-M)

In response to the CERCLA investigation reports which you recently sent to

the Water Supply Branch, I am attaching our comments. Thank you for the

opportunity to review these documents.

Attachment

Site tnration:
Site Number: fJMt3

cc: Carl Hickam (6H-ES)

SUPERFUND

3 0 1.99 j

REORGANIZED



4 o-i 4

Mr. Steve Gary
Program Manager
Superfund Section
Hazardous Waste Bureau
P.O. Box 968
Santa Fe, New Mexico 875O4-O968

Dear Mr. Gary:

Enclosed for your files are the Superfund Site Strategy
Recommendations for the following sites:

SITENAME EPAID RECOMMENDATION

\f Nanabah Vandever
Uranium Mine NMD9866691O9 PA; SSI recommended

Jimmy King #2
Uranium Mine NMD9866&7558 PA; No further action

Brown Vandever
Uranium Mine NMD9B6669117 PA; SSI recommended

If you have any questions about the enclosed material or need
additional information, please call me at (214) 655-&74O.

Sincerely,

Barbara Driscoll "*
Environmental Protection Specialist
Superfund Site Assessment Section (6H-MA)

Enclosure

jaccs. Mark Batter:white't6H*-SA"?
files

6H-MA:DRISCOLL;BD:8/3/9O: COMPAQ A:NM9:X674O

TAYLOR



CONTACT REPORT

Meeting: ( ) Telephone: ($ Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P .O.B. 2946 , Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Davy Morris, Director, BIA Realty, Crownpoint, NM

PHONE: 505-786-6116

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 6/5/90

SUBJECT: Current owner, Nanabah Vandever allotment

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

Nanabah Vandever is deceased and the allotment has been probated
to 31 Heirs. Because of the Right to Privacy, further information
is attainable by written request and signing a Freedom of Information
form with the BIA Realty office in Crownpoint, NM.



REFERENCE f3

I

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



-CONTACT REPORT

Meeting: (X) Telephone: ( ) Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P .O.B. 2946 , Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Patrick Antonio, Hydrogeologist, NSO

PHONE: 602-871-7331

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 5/24/90

SUBJECT: Groundwater contamination possibilities from Nanabah
Vandever Uranium mine waste piles

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

The Entrada aquifer is suspect due to its depth to water.

The Sonsela and Chinle aquifers are probably not affected due
to their depth.







INFLUENCE OF FAULTS ON GROUND WATER

Faulting of sedimentary rocks can create vary complex hydrogeo-
logic systems, in which determination of the location of recharge
and discharge zones and flow systems is confounded.

Fault zones can act as either barriers to ground water flow or as
ground water conduits, depending on the nature of the material in
the fault zone----space within the fault surfaces.

If the fault zone consists of finely ground rock and clay, the
material may have a very low hydraulic conductivity----meaning
water will have difficulty moving through the fault zone.

In consolidated rocks (sandstones, limestones, etc.), faults are
more often ground water conduits. Broken and brecciated rock in
the fault zone may have a high porosity and hydraulic conductivity
----meaning water will move freely through the fault zone.

The presence of faulting may have no significant effect on hydro-
geology. Faults with a very small movement will ususally have the
same hydraulic characteristics as the parent rock. Brecciated
fault zones are potential conduits for movement of hydrothermal
solutions, and faults can become mineralized possibly sealing the
fault and losing the original high conductivity.

OPINION (for Tom Morrissey): Since the stratigraphy is composed
of mostly of sedimentary limestone and sandstone formations, no
drastic influences (barriers) on ground flow is expected. The
only item of note is that recharge from infiltration through above
formations or from surface outcrops may be slightly hindered upon
contact with a fault, espeically if the rocks on each side of the
fault are of different formations. Extra time will be needed for
ground water to flow through a less permeable formation ;i for
ground water to lower to a more suitable permeable formation.

If there is sufficient artesian pressure in the aqui-
fer and the fault zone has favorable conductivity, ground water
may rise up through the fault and emerge as a spring or seep at
surface level. Just the opposite, faults can also transmit con-
tamination to lower, previously uncontaminated aquifers.

A fault would have more of an influence if a well was
drawing right near a fault zone.



REFERENCE #4

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT

Meeting: ( ) Telephone: (5$ Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P.O.B. 2946, Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Daryll Begay, Ranger, Navajo Pish and Wildlife

PHONE: 602-871-6451

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 6/8/90

SUBJECT: Fisheries, Recreational Areas, Haystack Mountain, NM

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

No Fisheries

No Navajo hunt units or designated recreational areas in the
Haystack area _ . . . _ _



REFERENCE #5

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90jui



CONTACT REPORT I

Meeting: (x) Telephone: ( ) Other: ( )

CONTACT LOCATION: Residence of contact

ADDRESS: Crownpoint, NM

PERSON CONTACTED
AND TITLE : Elsie Brown, Field Nurse, Indian Health Service

PHONE: 505-786-5291

FROM (Contacting
Party) : T. Morris, Environmental Spec., NSO

DATE : 5/26/90

SUBJECT: Residence count, Haystack Mountain area

CONTACT SUMMARY REPORT;

The attached map was drawn by a field worker under Ms. Brown's
supervision. This map shows the residences around Haystack
Mountain. The gravel pits shown on the map are actually abandoned
Uranium mines in the Todilto limestone.
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REFERENCE #6

I

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT

Meeting: ( ) Telephone: (x) Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P .O.B. 2946 , Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: David Baggett, Environmental Specialist, New Mexico

Health and Environment Dept.
PHONE: 505-827-2943

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 5/21/90

SUBJECT: Bioaccumulation of radionuclides in livestock, Haystack, NM

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

No studies' done at Haystack

See Attached: "Radionuclide Levels In Cattle Raised Near Uranium
Mines and Mills In Northwest New Mexico"
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INTRODUCTION

The development of a large uranium mining and milling industry in the

Colorado Plateau during the past 30 years has led to concern about adverse

health effects of these industrial activities on nearby human populations.
Few studies have addressed radionucllde concentrations in domestic animals

raised near uranium mines or mills. Yet evidence from two previous

investigations indicates that there may be contamination in the food chain

leading to humans.

In the first study, Holtzman et al. collected animals near Grants, New

Mexico, in 1979, and found that muscle, lung, and kidney tissue from wild

rabbits foraging near uranium mill tailings piles had higher mean

concentrations of radium-226 (Ra-226) than did control rabbits (1). They

also showed that grass Irrigated with mine dewatering effluent had elevated

Ra-226 concentrations and that cattle grazing on land irrigated by mine

water had higher levels of both Ra-226 and radioactive lead, compared to
controls.

Another study was conducted in 1979 at Church Rock, New Mexico, in response

to an accidental spill of uranium tailings liquid Into a stream of mine

dewatering effluent (2). Investigation Into the potential human health

consequences of the accident included radiochemical analyses of muscle,

liver, and kidney tissue from livestock that grazed near the banks of the

stream and drank mine water. Radionuclide concentrations were higher than

controls, both in animals exposed to the spill and in those exposed only to

uranium nine dewatering effluent.



In 1983, New Mexico had nine operating underground uranium mines '2\

There are seven conventional uranium-recovery facilities currently under

licensure by the New Mexico Radiation Protection Bureau, Environmental

Improvement Division (EID), although only two have operated in recent years

(4). Seven large uranium tailings piles in the state cover 1355 acres (5),

and the Jackpile open pit uranium mine is 2656 acres in size f6). All of

these mines and mills are located in the Grants mineral belt, an area of

about 4000 square kilometers (2500 square miles) (Figure 1). Since grazing

land in this area of New Mexico supports about seven cattle per square mile

(7), 17,500 animals potentially could be exposed to products of the uranium

mining and milling industry.

We conducted the present investigation to determine whether cattle grazing

in areas with uranium mining and milling activity have tissue

concentrations of radionuclides that are significantly above background,

and whether eating this tissue regularly could expose humans to excessive

internal radiation doses. Existing U.S. standards for the nuclear fuel

cycle limit radiation doses to members of the public to 25 millirem (mrem)

per year to any organ except thyroid, but exempt radiation doses from

uranium mine effluent and from radon and its daughters (8). Evidence of

food chain contamination near mines and mills could raise questions as to

the adequacy of these standards.

METHODS

Study Site Selection.

Two areas in the Ambrosia Lake region, an 80 square kilometer (km) valley



located in the Grants Mineral Belt (Figure 1) of northwestern New Mexico,

were chosen for this study because Ambrosia Lake has been the site of

intensive uranium mining and milling since the late 1950's. Numerous

tunnels undermine the area, which is dotted with ventilation shafts (Figure

2). A large uranium milling facility, which Kerr-McGee opened in 1957, is

licensed to process 7000 tons of ore per day. There are two uranium mill

tailings piles in the valley. The Kerr-McSee pile was active until 1984

and 1s 245 acres 1n size, while the other fphWIps) pile, covering 105

acres, has been inactive since 1963. Continuous discharges of mine

dewatering effluent, currently treated by Ion exchange plants to remove Ra-

226 and natural uranium, are available to domestic animals and provide the

only water source for some. The Kerr-McGee tailings piles and the

associated lagoons are fenced to prevent access. However, animals do have

access to liquids collecting on top of the Phillips pile.

It was estimated that 122,000 curies of radon gas were released per year in

the 1970's from mine vents in Ambrosia Lake (9). In addition, radon is

released from the Kerr-McGee tailings pile, the Phillips tailings pile,

numerous mine waste piles, and from soil in the area. The total radon

released per year to the atmosphere was estimated to be 157,200 curies

(10). Results of a 1978-1979 study conducted in Ambrosia Lake by Buhl et

al. indicated that the state and federal radon limit of 3.0 picocuries per

liter (pC1/l) above background (11, 12) was exceeded at four of nine air

sampling stations (10). The overall two year average for all the stations

(4.0 pC1/l) also exceeded the limit. However, this limit exempts

contributions from any mining activities. Subsequent monitoring of radon

levels in Ambrosia Lake between 1980-1984 (4) revealed similarly elevated



ambient air radon concentrations (Figure 2). Thus, cattle in the area are

potentially exposed to radon and its decay products, windblown tailings or

ore, and mining effluent.

The Church Rock study site is approximately 20 km north of Church Rock, New

Mexico and 45 km west of Ambrosia lake (Figure 1). A United Nuclear

Corporation (UNC) uranium mill is located at the site and is licensed to

process 3000 tons of ore per day. However, this facility has not processed
ore since May, 1982. Two underground mines currently discharge effluents

which form a perennial stream available to local animals (Figure 3). In

addition, an ion exchange plant downstream of the mill discharges liquid

effluent into the Rio Puerco. In 1979, a breach of the UNC mill tailings

impoundment released 355 million liters of liquid wastes contaminated with

toxic elements and radionucl ides front the uraniuis-238 decay series (2).

Therefore, animals at this study site were potentially exposed to

accidental releases and chronic discharges.

Mean ambient air radon concentrations and standard errors in the Church

Rock region were 1.5 + 0.3 and 1.3 + 0.2 pC1/l for 19 and 17 individual

samples respectively, taken in 19SO at two stations within 0.5 km of the

UNC tailings impoundment. From August, 1984 to February, 1985, radon

averaged 1.7 + 0.2 and 1.5 + 0.2 and pC1/l from 14 samples collected at the

same 1980 stations. Radon concentrations measured in 1980 averaged 0.5 +

0.1 pCi/1 five kra fro* the tailings facility (13).

Crownpoint, the control study site, is also in the Grants Mineral Belt



approximately 40 km northwest of Ambrosia Lake and 22 km east if Church

Rock. The nearest active uranium impoundment is an in situ pilot plant

approximately 8 km to the northeast. An undeveloped mine shaft is located
5 km southeast of the control animals' grazing site. There are no other
uranium industrial activities in the area. Thirty-seven radon measurements

taken at distances of 0.8-5 km from the undeveloped mine and 5-8 km from

the in situ pilot plant have averaged 0.15 ̂  0.02 pCi/1 (10). These radon

concentrations are consistent with averages from unmined areas in the
Grants Mineral Belt (10).

Natural background radioactivity was not measured in Ambrosia Lake or

Church.Rock prior to start-up of the mining and milling operations at these

sites. However, the Crownpoint area of New Mexico is rich in underground

uranium and is slated for uranium mine development in the future if the
price of uranium increases. Therefore, it is an area with potentially high

background radiation, yet is an undisturbed area in the Grants Mineral

Belt. For these reasons Crownpoint represented an appropriate baseline
for comparison to animals raised near uranium mines or mills.

Cattle Selection and Tissue Sampling.

All cattle were purchased and slaughtered in October, 1983. Five cattle

were obtained from each of two ranchers in Ambrosia Lake. Group 1 cattle

grazed in a 4.4 square km fenced area that had frequently been flooded by

dewatering effluent from a nearby uranium mine. The ion exchange plant

(Figure 2) that treated this water to remove uranium and Ra-226 was built

in 1976 but has not been regulated by the EID due to pending litigation



(4). Group 1 cattle's only water source was mine dewatering efflueit.

Group 2 cattle grazed in a much larger open area arid had access to surface

impoundments as well as dewatering effluent. Seven cattle were purchased

in Church Rock (Figure 3) and ten animals were purchased in the control

area near Crownpoint. Information on sex, birth date, place of birth,

health, and food and water sources, was obtained for all animals at the

time of purchase.

Exposed and control cattle were transported to an abattoir and sacrificed

within 48 hours. A United States Environmental Protection Agency (EPA)

veterinarian and New Mexico EID staff obtained the specimens, while taking

precautions to prevent cross-contamination of tissues. Nondisposable
equipment was washed thoroughly between sample collections. Specimens were

individually bagged and identified. Tissues obtained from each animal for

analysis included several kilograms of the upper thigh muscle, the right

lobe of the liver, a whole kidney, and the entire right femur. Tissues

were refrigerated and transported to the analytical laboratory for

analysis. Backup and quality control specimens (Appendix A) were frozen.

Environwt/ital Sampling.

Composite samples of grass and soil were collected from grazing areas in

Ambrosia Lake and Church Rock (Figure 2, 3} and from the control area.

Grasses in a square meter area were clipped at soil level and analyzed

unwashed. Soil samples were collected in each vegetation quadrat to a depth

of 5 cm and a volume of 600



Water s*p1es were obtained from all water sources available tc the study

cattle fn Ambrosia Lake and Crownpoint. Water was sampled from the

Pipe!ine arroyo and from the Rio Puerco 1n Church Rock. Approximately 3.8

liters off unfiltered water was collected at each source and treated with 20

ml of mncentrated nitric acid to form a 0.5? HN03 solution. This

technique prevented plating of radionuclides on the sample container.

Laborattty Methods.

Eberline Corporation in Albuquerque, New Mexico performed the radiochemical

analyses. Each tissue was analyzed for uranium-238 (U-238), uranium-234

(U-234), thorlum-230 (Th-230), Ra-226, lead-210 (Pb-210), and polonium-210

(Po-210). In addition, split samples of muscle, liver, and kidney tissues

from two cattle chosen randomly from each of the three areas were analyzed

for the above radionuclides by the EPA, Environmental Monitoring Systems,

Las Vegas. Nevada, (EPA-Las Vegas) for quality control purposes (Appendix

A).

The methods for measuring radionuclide concentrations in animal tissues and

environmertal samples were derived from published EPA and United States

Department of Energy analytical procedures (14, 15). Tissue samples were

weighed (Table 1) and dried at 105°C for approximately 24 hours. About 200

grams (gai) of the dried sample were ashed in a muffle furnace at 5000c

then wet ashed repeatedly with concentrated nitric acid (HN03) and hydrogen

peroxide repeatedly to dissolve the sample. The final residue was

dissolved in 8 normal HN03 and diluted to a measured volume. Aliquots of

this solution were used for U-238, U-234, Ra-226, and Th-230 analyses.



Uranium and thorium were then measured by alpha spectroscopy, and Ra-?2*i

was measured by radon de-emanation.

For the Pb-210 and Po-210 analyses, approximately 200 gm of the dried

sample were digested (wet ashed) repeatedly with concentrated nitric acid,

hydrochloric acid (HC1) and hydrogen peroxide at 85<>C until the entire

sample was completely oxidized and dissolved. The sample was then

dissolved in 1 normal HC1 to a measured volume. Aliquots of this solution

were analyzed for Po-210 by electrodeposition and alpha counting, and for

Pb-210 by bismuth-210 (8i-210) separation and beta counting. Appropriate

internal tracers and stable carriers were added to determine the chemical

and radiochemical recovery fractions. The lower limits of detection (LID)

are presented in Table 1.

Bone samples were weighed and then cut into twelve approximately equal

sections of about 3 centimeters in thickness. Alternate sections were

combined. One combined sample was used for the determination of U-238, LI-

234, Ra-226, and Th-230. The remainder was analyzed for Po-210 and Pb-210,

according to the above methods.

All environmental samples (vegetation, soil, and water) were analyzed for
U-238, U-234, Th-230, Ra-226, Pb-210, and Po-210 using the same methods for

measuring radionuclide concentrations as were used for tissue specimens.

Tissue and bone concentrations of Po-210 were corrected for radioactive

decay and the ingrowth of Po-210 from Pb-210 with the following equation:



Corrected Po-210 » Po-210 at separation date - ( l -e"At) Pb-210 at separation date_

e - A t

Where A - decay constant for Po-210

t » time between sample collection and Po-210 sample analysis

when Po-210 was radiochemically separated from Pb-210.

If the corrected Po-210 concentration was a negative number, it was

assigned a value of zero.

Methods used at the EPA-las Vegas laboratory for detecting radionuclides in

animal tissues have been previously described (2), with the exception that

Th-230 recoveries were determined using a thorium-229 tracer, followed by

alpha spectrometry. The major difference between procedures followed by

the two laboratories involved the analysis of Pb-210. Technicians at

Eberline counted the Bi-210 decay product of Pb-210 using beta detection

equipment while those at the EPA-Las Vegas laboratory counted the Po-210

formed from Pb-210 decay using alpha spectrometry. In both laboratories,

an error factor was calculated and reported as two standard deviations of

the counting rate (16). Negative radionuclide concentrations were reported

on occasion and resulted from subtraction of background counts from sample

counts. Each laboratory also used its own protocol for assuring quality

control.

Statistical Methods.

Statistical analysis was performed on the computerized data set using the

Statistical Analysis System (17). Radionuclide concentrations 1n cattle



tissue and bone, and concentrations in the environmental samples crojn each

of the two Ambrosia Lake groups, Church Rock, and Crownpoint were compared

using both parametric (multiple analysis of variance (MANOVA) with General

Linear Models (G.L.M.) for unequal sample sizes, Duncan's multiple range

test) and nonparametric (Kruskal-Wall is and Wilcoxon's two-sample)

statistical tests. In the MANOVA approach radionuclide concentrations were

the dependent variables. Location (Ambrosia Lake Sroup 1, Group 2, Church

Rock or Crownpoint) was the independent variable. Analyses of cattle

tissue were performed with and without'age added to the model to determine

possible age dependent effects.

Since the sample size in each group was small, it was not possible to

determine whether the data were normally distributed. Therefore,

nonparametric tests were performed. The Kruskal-Wallis test was used to

determine whether any of the three exposure groups or the control group

differed significantly (p<0.05). If significant differences were found,

the Wilcoxon's rank-sum test, with continuity correction of 0.5, was used

to compare each exposure group to the Crownpoint control group.

A discussion of the quality control comparisons is given in Appendix A.

Results of split sample testing were compared using a two-tailed paired-

sample t-test (18).

RESULTS

Cattle Data.

All of the cattle but one were female. The average age of Ambrosia Lake

10



Group 1 cattle was 5.0 (range 4-6 years). Ambrosia Lake Group 2 cat t le

were two- and three-year-olds with a mean age of 2.4. The mean age of the

Church Rock cattle was 2.6 (range 2-5 years) and that of the Crownpoint

controls was 4.8 (range 3-7 years). Except for one animal purchased as a

calf from another owner, all animals were born and raised in the described

areas. The owner of Ambrosia Lake Group 1 cattle stated that some of the

animals in his herd were not gaining weight properly and reproduced poorly.

The other owners reported their animals to be 1n good health. Animals from

all four groups received supplemental fodder during winter. All seventeen

animals in the three exposed groups and none of the ten animals in the

control group had access to uranium mine dewaterlng effluent.

Radlonucllde Concentrations in Cattle.

Mean radionuclide concentrations in muscle tissue from Ambrosia Lake Groups

1, 2, and from Church Rock cattle were similar to corresponding controls,

with the exception that Ra-226 and Po-210 were significantly increased in

Group 1 cattle and U-234 was elevated in Church Rock cattle (Table 2).

Mean radionuclide concentrations in the majority of the liver, kidney, and

femur samples were significantly above control levels among both Ambrosia

Lake Group 1 and Group 2 cattle. Liver and femur from Church Rock cattle

were significantly elevated in U-238 and U-234, and femur was elevated in

Ra-226. Levels of Th-230 were generally higher among Church Rock cattle

than controls but these elevations were not significant statistically.

When age was added to location as an independent variable in the MANOVA

model, the effect of location on mean radionuclide conentrations was

unchanged, although differences between mean muscle Ra-226 and kidney Po-

210 concentrations 1n Ambrosia Lake Group 1 cattle versus the remaining

11



groups became less significant statistically 'p*0.07 and 0.05,

respectively). Age did not alter significance levels in the other

analyses.

Radionuclide Concentrations in Environmental Sanples.

Radionuclide levels in soil sampled from Ambrosia Lake Group 1 were

significantly elevated over those of controls. Concentrations of th-230

and Ra-226 were significantly higher than controls in vegetation samples

(Table 3). Concentrations of Th-230 and Ra-226 in vegetation from Ambrosia

Lake Group 2 were also significantly higher than controls. Mean

radionuclide concentrations in soil from Ambrosia Lake Group 2 were several

times higher than those of controls, but the differences did not attain

statistical significance. Soil from sampling sites 11-13 in Group 1 and

sites 2, 4, and 5 in Group 2 had much higher radionuclide levels than did

soil collected at the other sites in the respective grazing areas

(Appendix, Table 8-2). Soil samples from Church Rock had higher mean

radionuclide concentrations than those from Crownpoint but these levels

were not significant statistically (Table 3). Radionuclide content of

vegetation from Church Rock was higher than controls in Ra-2i6 and Po-210

but these difference did not attain statistical significance.

Water samples collected from Ambrosia Lake Group 1 and from Church Rock had

higher mean concentrations of U-238 and U-234 than controls. Ambrosia Lake

Group 2 water contained higher levels of these radionuclides than controls

but the differences were not significant statistically.

12



DISCUSSION

Sumary of Study Results.

The principal objective of the present study was to determine whether

radionuclide concentrations in the tissues of cattle raised near uranium

mines and mills were significantly higher than those of unexposed animals.
Results indicated that all three groups of cattle exposed to uranium mine

arid mill discharges and wastes had elevated tissue radionucl ides compared

with controls.

Cattle exposed to the most active mining and milling area, Ambrosia Lake,

were considerably closer to mines and mills than those from Church Rock.

Ambrosia Lake Group 1 cattle grazed in an area with the highest measured

concentrations of soil radionucl ides, and dewatering effluent was their

only water source. Mater samples had higher levels of U-238 and U-234 than

controls. These animals also were raised where ambient air radon levels

were above background.

Most of the liver, kidney, and bone tissues from Ambrosia Lake Grouo 2

cattle also contained elevated radionuclide concentrations. These animals

grazed in an area with elevated ambient radon concentrations. A portion of

their grazing area abutted a uranium mill and tailings pile. However,

these cattle roamed over a very large area and drank rainwater in addition

to mine dewatering effluent. Environmental sampling revealed mean

radionuclide concentrations in soil, vegetation, and water that were

intermediate between Ambrosia Lake Group 1 and the controls.

13



Tissues from Church Rock cattle showed lower radionuclide levels than were

found in cattle from Ambrosia Lake. These animals had exposure to much

lower levels of ambient air radon (most levels were probably background).

Most radionuclide concentrations in vegetation also were similar to

background levels. The primary exposure of these cattle was to uranium

mine dewatering effluent. Mater samples taken from Church Rock were

elevated in U-238 and U-234. Correspondingly, cattle tissue from Church

Rock was elevated in U-23* and U-234.

Study Limitations.

This study had several limitations. First, only a small number of cattle

were tested from each area. Since there was variability between

radfonuclide concentrations measured in animals from each group, the

standard errors were large. Second, there was variability in the results

of split sample testing, especially the Po-210 measurements (Appendix A).

It is possible that the Po-210 concentrations reported by Efaerline

Laboratory may be twice as high as the true values.

A third problem was that the radionuclide concentrations measured in the

environmental samples may not have been representative of those to which

the cattle were actually exposed. The sample numbers were small and

samples were taken at only one point in time. Since the cattle were living

in their respective areas for two to seven years, many samples of soil,
vegetation, and water, tested periodically, would have been required to

characterize radionuclide levels in the cattle's environments.

The fact that only single samples were collected is a problem, especially
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in interpreting the results of water analyses. Ion exchange plan*-- treated

the mine water drunk by cattle from both Ambrosia Lake Groups and from

Church Rock. However, concentrations of contaminants in treated effluents

may have fluctuated, depending on how well and how consistently these

plants were maintained and operated. Untreated uranium mine water may

contain- significant levels of U-238 chain radionuclides. Gallaher and

Goad, in a study of mine water in New Mexico, reported a median of 170

pCi/1 Ra-226 and 5.4 mg/1 uranium (equivalent to about 1800 pCi/1 each of

K-238 and U-234) (19). Thus, if ion exchange plants were not operating

effectively, study cattle could have ingested water containing much higher

radionuclide levels than those given in the present report.

Finally, only two of a possible four groups of cattle were sampled from

Ambrosia Lake. One group not sampled was considered to be more heavily

exposed to uranium activities than those that were sampled. Therefore, the

results of this study should not be considered to completely describe the

tissue levels of all animals grazing in Ambrosia Lake.

Estimation of Doses fro* Cattle Tissue Ingestlon and Cancer Risk Estimates.

The internal dose commitment received when a person ingests cattle tissue

for one year with known radionuclide concentrations was estimated for all

four groups using dose conversion factors of Dunning (20). These conversion

factors were used because they are based on the most current metabolic

models for the uptake and elimination of radionuclides. Mean tissue

concentrations for each exposed group and the control group were used for

the calculations, and dose commitments were estimated for a 50 year period

following one year of ingestion. Fj uptake factors for absorption of
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specific radionuclides across the human gut were 0.05 for U-233 and U-234,

0.0002 for Th-230, 0.2 for Ra-226, 0.2 for Pb-210, and 0.1 for Po-210 '21}.

A quality factor of 20 for alpha radiation was assumed for all dose

conversion factors, in accordance with recommendations of the International

Commission on Radiological Protection (ICRP) (22). We estimated doses to

human Sidney, liver, endosteum, and red marrow.

To estimate cancer risks from ingestion of cattle tissue, total picocuries

of each radionuclide ingested per year were calculated and converted to

mrem per year using the effective dose equivalents of Dunning (20). The

total effective dose equivalent for each scenario was then multiplied by

the ICRP risk coefficient of 125 x 1Q~6 per rent to estimate the expected

number of cancer deaths (22). Lifetime cancer risks were expressed as the

number of excess cancer deaths per million population attributable to the

radiation dose received from one year and 20 years of ingestion.

Internal radiation doses and cancer risks were calculated according to

three scenarios of tissue consumption. Scenario 1 assumed that a family

living in the described areas would slaughter and ingest all the edible

parts of an animal, including its liver and kidneys, over a one-year

period. This scenario assumed a total beef consumption of 78 kilograms

(kg) per year per individual, the average per capita yearly meat

consumption in the Unfted States (23) and a dietary proportion of muscle,

liver, and kidney comparable to that organ's percentage of the combined

average weight of beef muscle, liver, and kidney, 74 kg (94.8X), 2.7 kg

(3.4)?, and 1.3 kg (1.87X) respectively (2).
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Scenario 2 assumed that a person ingested 78 kg of muscle per year from

each area but did not eat liver or kidney. Scenario 3, a worst case

estimate, assumed that a person ate higher percentages of liver and kidney.

These percentages were the 99th percentile of reported consumption from a

1984 dietary survey of 767 adult Hispanic and Non-Hispanic white New

Mexicans selected randomly for a study (24). Worst case estimates assumed

a liver consumption of 13.1 kg per year and a kidney consumption of 2.6 kg

per year, with muscle constituting the remainder of the 78 kg yearly meat

intake.

In scenario 1, the annual ingestion of muscle, liver, and kidney from

control animals incurred a 50 year dose commitment of 25 rare* to the kidney

and 27 mrera to endosteum (TabUe 4). Similar doses were calculated from
eating beef from Church Rock. Consumption of AL62 cattle resulted in

radiation doses approximately twice those incurred from eating control

cattle tissue. The dose incurred from eating Group 1 cattle for one year

was associated with an even higher dose, especially to kidney '100 mrem

above the control). Polonium-210 and Pb-210 were the most important

nuclides in terms of dose to kidney, liver, and red marrow. Lead-210,

followed by Ra-226 Po-210, and Th-230, contributed substantial fractions

of the dose to endosteum. Because it Is possible that the reported Po-210

measurements were higher than the true values, the dose contributions from

Po-210 may be overestimates by a factor of about two.

Cancer risks associated with these doses for scenario 1 were one chance in

1,310,000 from ingesting control beef, one chance in 940,000 from eating

Ambrosia Lake Group 2 cattle, one chance in 1,170,000 from Church Rock
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cattle, and one chance in 280,000 from Ambrosia Lake Group 1 cattle,

Continuous ingestion of Group I cattle for 20 years would incur a lifetime

cancer risk of one chance in 14,000.

Eliminating liver and kidney from the diet and eatfng muscle tissue alone

(scenario 2} reduces the internal radiation dose (Table 5). The dose from

ingesting Ambrosia Lake Group 1 cattle, for example, is reduced by about

55X. The ingestion of Ambrosia Lake Group 2 or Church Rock cattle is

associated with a negligible excess cancer risk. Consumption of beef from

Ambrosia Lake Group 1 results in a cancer risk of one chance in 534,000.

The worst case estimates of scenario 3 predict much higher doses (Table 5).

For instance, the resulting 50 year dose commitment to kidney from one year

of ingestion was enhanced by a factor of 2.3, to 300 mrem. For one year of

ingestion, corresponding cancer risk estimates are one chance in 120,000

for the highest exposure group (Ambrosia Lake Group 1) and one chance in

400,000 for Ambrosia Lake Group 2. The cancer risk for consuming Church

Rock animals (one chance in 670,000) was similar to that from ingesting

Crownpoint control cattle (one chance in 630,000) despite statistically

higher uranium concentrations in tissues from Church Rock animals. This

occurred since uranium contributed a small percentage of the total

radiation dose.

The doses calculated for the various scenarios are based upon consumption

of large amounts of muscle tissue, which contains lower radionuclide

concentrations than liver or kidney. Eating liver and kidney incurs much

higher internal radiation doses than eating muscle tissue. Since all of

the dose and risk estimates are approximations, based upon numerous
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assumpttas concerning the uptake and retention of radionuclides and their

cancer-oasing potential at low doses, the actual doses and cancer r isks

may be fcgher or lower than the numbers we have presented. Although we

calculate dose commitments according to estimates given by Dunning, other

dose conwsion factors which include higher and lower values than those of

Dunning ve reported in the literature (25). Furthermore, the fifty year

dose continents calculated in this report could underestimate the dose to

potentiCy exposed children or infants since higher dose conversion

factors are recommended for young age groups (26).

Interprektion and Significance of Elevated Radionuclide Levels In Exposed

versus Oofcrol Cattle.

Despite He limitations of this investigation, the findings support the

conclusidf that the elevated radionuclide levels found in cattle tissues

from Amtxeia Lake and Church Rock resulted from the cattle's exposures to

radionuclite byproducts of the uranium mining and milling industry. The

elevated tissue radioactivity in exposed compared to control cattle is

confirmed by the statistical tests of significance and by the consistency

of the fcta. Although the sample sizes in our study were small, the

difference; between exposed and control samples reached statistical

signiflcaace for many of the radionucl ides, and in most comparisons mean

levels 1»*11 of the exposure groups exceeded those in controls. Thus, it

is unlikely that the differences were due to chance. Since the cattle

tissue was analyzed in a blind fashion by the laboratories, this reduced

the possiWty of bias in reporting results. The mean differences between

radionucltfe concentrations In exposed and control cattle, moreover, did
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not result from high concentrations in a few Isolated cattle. In &mbrosia

Lake Group 1, 15 of the 24 comparisons to control animals were significant

statistically. Radionuclide measurements in each each of the five cattle

from Ambroisa Lake Group 1 exceeded mean levels of their respective

controls in all but two of the 75 comparisons ^Appendix Table B-l.).

Further mean, radionuclide concentrations in the femurs of cattle from all

three areas were numerically higher than controls in all but one of the 18

samples tested and the differences attained statistical significance in 10

of 18. This finding of high levels in bone tissue suggests that these

animals were exposed chronically to U-238 chain radionuclides.

The environmental data collected in this investigation, although limited,

strongly supports the conclusion that the elevated radionuclide levels in

cattle tissue resulted from exposures to uranium mining and milling.

Ambrosia Lake, the exposure area most impacted by the uranium mining and

milling industry, had the highest concentrations of environmental

radionuclides, and is the area in which cattle tissues contained the

highest radionuclide levels. Animals from Ambrosia Lake were exposed to

high ambient air radon, windblown tailings, and mine water. Church Rock,

the exposure area farther removed from uranium mine operations had lower

levels of environmental radionuclides compared to controls, and cattle

tissue fro* this area had relatively lower radionuclide concentrations.

The primary environmental source of radionuclides for these animals was

mine water drunk by the cattle.

Data from this and other investigations provided evidence that the high

radionuclide levels found in environmental samples were not due to natural

sources of radiation. Natural background radioactivity was not measured



in Ambrosia Lake or Church Rock prior to start-up of the mining and -nilling

operations. However, soil samples collected at Ambrosia Lake in another

study indicated that true background concentrations were much lower than

the radionuclide levels found in this investigation. In 1993 soils were

collected at 16 locations across Ambrosia Lake from the surface and at a

depth of 30 centimeters (cm) (10). The surface soil mean and standard

error was 13.5+ 6.6 pd/gram for Ra-226, while soils collected at 30 cm

depth averaged Q.57± 0.08 pCi/gram. Ra-226 concentrations in soil

collected at 30 cm depth were similar to those collected at the surface at

Crownpoint, NM. Therefore, the levels of Ra-226 in surface soil probably

reflected contributions from the uranium mining and milling industry.

In the present study the grazing area for Ambrosia Lake Group 1 cattle has

been flooded by mining effluent for years. Prior to 1979, when the ion

exchange plant was built, the water that flooded this area was untreated

uranium mine dewatering effluent. Soil fro» sample sites 11-13 contained

extremely elevated levels of radionuclides, compared to the remaining

samples. These sites were close to the discharge from the ion exchange

plant but farther from the Phillips or other tailings piles than sample

sites 10 and 14, which had much lower levels of soil radionuclides. In

this case it appears that mine water rather than windblown tailings

contributed more to high levels of U-238 chain radionuclides in grazing

area 1.

The grazing area for Ambrosia Lake Group 2 cattle was not irrigated by

uranium mine dewatering effluent. Soil containing the highest levels of U-

238 chain radionuclides was front sampling sites 2, 4, and 5. These sites

were very close to the Kerr-McGec tailings pile, and mine vents were
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abundant in these areas. Radium-226 in soil from these sampling sites

averaged 20.3 pCi/gram. Soil from sites 3, 6, and 7, which are farthest

from the mill and its tailing pile, had levels of Ra-226 that averaged 1.3

pCi/gram. The elevated radionuclides in soil from grazing area 2 have

therefore probably resulted from windblown tailings or radon daughters.

These difference could not easily be attributed to variations in natural

radioactivity.

The contribution of radon daughters to the radionuclide content of soil,

vegetation, and cattle tissue is not clear. Radon gas is an important

source of Pb-210 and Po-210, and ambient radon concentrations were elevated

over background in Ambrosia Lake. Since radon is not a source of uranium,

Th-230, or Ra-226, and since the soil, vegetation, and animal tissues

contained relatively high levels of these radionuclides as well, it is

evident that sources other than radon gas contributed significantly to the

elevated radionuclide levels demonstrated in this investigation. Although

cattle from Ambrosia Lake Group 1 had elevated levels of Po-210, cattle

from Ambrosia Lake Group 2 were the only ones that had high levels of Pb-

210 in any of the tissues, albeit only in kidney. It is possible that the

elevated kidney Pb-210 levels resulted from exposure to radon g*s and its

daughter products.

In addition to the statistical significance, the consistency of this

study's results, and evidence provided by environmental data, the

conclusion of this investigation is also supported by previous research

into cattle contamination by the uranium mining and milling industry.

Holtzman et al. measured tissue concentrations of Ra-226, Pb-210 and Po-

210 in two cows that foraged near the Anaconda uranium mm tailings pile
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in Hew Mexico. Animals in this study had no access to uranium -nine

dewatering effluent (1). These cattle had muscle concentrations of 1.1 and

1.2 pCf/kg Ra-226, liver concentrations of 0.87 and 1.5 pCi/kg Ra-226, and

kidney concentrations of 220 and 2.6 pCi/kg Ra-226. These Ra-226 levels

and reported concentrations of Pb-210 (Appendix A, Table A-3) were

generally intermediate between those found in Ambrosia Lake Group 1,

Ambrosia Lake Group 2, and Church Rock cattle. Tissue concentrations of

Po-210 were lower than those reported in the present study. The two

control cattle in the Holtzman study had somewhat higher radionuclide

concentrations than the averaged values for controls in this investigation.

Two cows collected from the Church Rock area in 1979 had muscle, liver, and

kidney concentrations of U-238, U-234, Th-230, Ra-226, Pb-210, and Po-210,

that were similar to the concentrations reported in the present analysis of

Church Rock cattle (2). These cattle were from the same area as those in

the present study. Another recent study examined ten sheep raised in

Church Rock and ten controls. The findings of this investigation are

presented elsewhere (27) but support the conclusion that radionuclide

levels were higher than controls in sheep from Church Rock as well.

An additional objective of this investigation was to determine the risk to

public health of eating exposed cattle over a long period of time. Owners

of the purchased animals stated that they raise, slaughter, and consume

their own animals. Further, it was assumed that some individuals buy a cow

or a side of beef, freeze it, and consume it over several months. Thus,

some New Mexican families might purchase an exposed animal and eat large

quantities of meat containing elevated radionuclide concentrations.

23



To examine the importance of the elevated tissue radioactivity found in

this study, we calculated estimates of internal radiation dose from

ingesting exposed and control tissues. Dose estimates indicated that

consumption of cattle tissue from Church Rock leads to approximately the

same radiation dose as does eating control cattle. Consumption of Ambrosia

Lake Group 2 cattle resulted in radfation doses approximately twice those

incurred from control tissue consumption. Consuming cattle from Ambrosia

Lake Group 1, however, 1s associated with a much higher dose estimate.

After subtracting the dose estimated from ingestion of Crownpoint controls,

which represents background doses for the area, the dose to human kidney

from one year of ingestion exceeds 100 mrem. The general public, however,

would not receive doses of this magnitude, as it is highly unlikely a

person would consume a large amount of meat from one area of New Mexico.

A person who buys and consumes 0.5 kg of muscle from Ambrosia Lake group 1

cattle, for example, would receive a 50 year dose commitment of 0.87 mrem

to the kidney, compared with a dose of 0.17 mrem from eating this much

control beef.

For all the assumed scenarios, cancer risks attributable to eating beef

from each of the exposure groups were within the ICRP's acceptable limit of

below one excess death per 100,000 individuals in a population (22). These

calculations were based on the assumption that a person eats 78 kg of area

beef for one year. It is probable that few residents are exposed to this

extent. For those who have eaten area meat, especially liver and kidney,

for a prolonged period of time, risk estimates may exceed the acceptable

limit. The 20 year ingestion risk estimate for Ambrosia Lake Group 1,

scenario 1, for example, is one death per 14,000 exposed individuals.



To place this risk in perspective, it has been estimated by the EPA that

individuals living continuously next to some uranium mill tailings oiles

may have an excess lifetime lung cancer risk as high as 4 chances in a

hundred f28). This risk is from exposure to radon decay products emitted

directly from the tailings pile. If a person ingests Ambrosia Lake Group 1

beef (scenario 1) for 60 years but is not exposed to the uranium mining and

milling industry in any other way, his lifetime risk of a cancer death,

primarily from cancer of the kidney, liver, and bone, would be about one

death in 4500.

EPA standards and New Mexico EID regulations limit the organ doses to

individuals to 25 mrem per year, but currently exempt radiation exposures

from uranium mine effluents, and from radon and its daughters, which

include Pb-210 and Po-210 (8, 11). Doses incurred from ingesting Ambrosia

Lake Group 1 cattle for one year exceeded the 25 mrera/yr limit. Lead-210

and Po-210 were identified as the major dose contributors following

consumption of these tissues from cattle exposed most heavily to uranium

mine effluents. Therefore, it may not be appropriate to exempt either

radon daugthers or uranium mine effluents from present standards and

regulations.

Current regulations are based on the assumption that the source of the

exposure is known. However, the present investigation did not determine

whether the source of radioactivity was mill tailings, mine dewatering

effluent, or the inhalation and/or ingestion of radon and its daughters.
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The most highly contaminated animals were exposed to all of these sources.

Further environmental sampling and measurements of tissue radionuclide

concentrations in animals exposed only to dewatering effluents, or to mill

tailings, are needed to identify the relative contribution from each

source. Until these studies are completed, restricting access of livestock

to uranium mine dewatering effluent, and restricting grazing of animals on

land that has been irrigated with mine water or is in proximity to mill

tailings, would markedly reduce the probability of food chain

contamination.
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TABLE I. Approximate sample weights astd lower Halts cf detection (LL8) for radioswclid® analysis of
cattle tissue, vegetation, soil, and water.

Radionucl ide

wet

U-234, U-238

Th-230

Ra-226

Pb-210

Po-210

Radionucl ide

dry

U-234, U-238

Th-230

Ra-2?6
Pb-210

PO-210

Liver, Muscle

. wt. (g) LLD

200

200

100

500

500

Vegetation

wt. (g) LLD

5

5

5
20

20

(pCi/kg)

0.2

0.2

0.2

1.0

1.0

(pCf/ffn)

0.01

0.01

0,01

0.05

0.01

Uet wt.

40

40

20

200

200

dry wt.

4

4

1

10

10

Kidney

(g) LLO (pCi/kg)

1.0

1.0

1.0

2.5

2.5

Soil

(g) LLD(pC1/gp)

0.01

0.01

a. on
0.10

0.01

Bone

Uet. Wt. (g)

50

50

100

200

200

Hater

wet wt. (1)

0.5

0.5

o,t
1

1

LLO (pCi/kg)

0.8

0.8

0.2

2.5

2.5

LLD (pC1/l)

0.1

O.I
0.!

1.0

0.1



TARIT ?. Nean radionuclfde concentrations fn edible tissues and femurs from exposed and control
cattle.

Exposure

Group

Ambrosia Lake
Group 1 (n=5)

Muscle
Liver
Kidney
Femur

Ambrosia Lake
Group ? (n=5)

Muscle
Liver
Kidney
Femur

Church Rock
fn=7)
Muscle
Liver
Kidney
Femur

Crownpoint
Control (n=10)

Muscle
Liver
Kidney
Femur

———————— , ——

Radionuclide Concentration (pCi/kg wet wt. + standard error of the mean)

U-238

0.8
5.2
11.0
87

0.5
1.8
7.0
166

1.4
1.4
2.6
101

0.7
0.4
1.3
6.6

••

+ 0.2
7 0.6ac
+ 1.9ac
+ 25b

+ 0.2
+ 0.9b
* 2.5ac
7 78ab

+ 0.5
+ 0.4b
7 0.6
7 39b

+ 0.2
+ 0.1
+ 0.3
1 4.0
•"" ' • i ...»

U-234

0.8 + 0.3
5.3 7 0.5ac

11.2 7 2.1ac
94 7 30b

0.8 + 0.2
1.6 7 0.7b
7.2 + 2.7ab
175 7 70*c

1.9 + 0.4a
1.9 + 0.5ab
2.9 + 0.6
100 + 38b

0.8 + 0.1
0.4 7 0.1
1.5 + 0.5
7.1 + 2.6

Th-230

0.7 +
4.7 7
16.3 +
10 7

0.26 +
1.1 7
5.0 +
5.4 7

0.9 +
3.5 +
5.8 7
1.6 7

0.4 +
1.6 7
2.3 7
2.3 7

0.2
2.1b
5.7«b
5.4a

0.04
0.2
1.0b
3.4

0.4
1.4
1.8
0.5

0.1
1.3
0.8
1.0

Ra-226

4.0
12.4
117
7100

0.2
0.3
23

3860

0.8
0.3
8.9
2690

0.3
0.3
4.6
152

+ 1.6ac
7 4.5ac
7 43ac
+ 2119«c

+ 0.4
+ 0.3
7 9b
+ 1078ac

+ 0.2
+ 0.2
+ 3.1
+ 1258b

+ 0.2
+ 0.2
7 1.8
+ 52

Pb-210

2.2
91
79

1132

2.1
10.2
345
952

0.4
1.0
84
771

2.4
6.8
81
411

+ 1.1
7 87
+ 23
7 244

+ 0.9
+ 7.3
+ 14ia
+ 361

+ 0.7
7 0.7
7 19
+ 310

+ 1.5
* 3.8
7 15
7 74

Po-210

92
1521
1770
1436

8.3
334
847
2353

16.8
175
818
2192

14.0
249
455
288

+ 15ac
+ 458ac
7 502ab
7 1359

+ 3.6
+ 124
+ 189
7 1831

+ 3.8
7 53
+ 201
1 995

+ 3.4
+ 56
7 147
+ 187

ss-
higher than Crownpoint control, Hilcoxon's two-sample test



FABLE 3. Mean radionuclide concentrations in vegetation, soil, and water.

Exposure
Group

Ambrosia
Lake
Group 1

Ambrosia
Lake
Group ?

Church Rock

Crownpoint
C ontrol

Type of
Saw pie (n)

Vegetation
(5)
Soil
(6)
Water
(2)

Vegetation
(8)
Soil
(8)
Water
(4)

Vegetation
(5)
Soil
(5)
Water
(2)

Vegetation
(V
Soil
(4)
Water
(2)

Radionuclide

U-238

1.5 + 1.0

30 + 20b

670 + 20a

1.1 + 0.5
""

4.0 + 1.9

79 + 74

0.3 + 0.2

1.7 + 0.6
~

515 + 75*

0.2 + 0.06

0.8 + 0.1

0.9 + 0.6

Concentration (pCi/gw dry

U-234

1.6 + 1.1

34 + 22b

770 + 10"

1.0 + 0.5
~

4.5 + 2.3
~

77 + 71

0.3 + 0.2

1.8 + 0.6
~

530 + 60a

0.2 + 0.05_

0.7 + 0.1
~

1.0 + 0.5

Th-230

0.9 + 0.3b

115 + 63ab

0.2 + 0.05

3.4 + 1.9b

15 + 9
~

1.2 + 0.7

0.22 + O.OOR

2.9 + 0.9

0.7 + 0.1

.05 + 0.03

0.9 + 0.2

0.2 + 0.1

wt; water, pCi/1 + standard error of the nean)

Ra-226

3.4 + 1.5b

514 + 3113

2.0 + 0

1.7 + 0.8b

8.4 + 4.2
"™"

1.4+0.9

2.0+1.5

2.9 + 1.2

0.9 + 0.2

0.08 + 0.03

0.8 + 0.1

2.3 + 0.7

Pb-210

0.6 + 0.1

590 + 437b

7.0 + 3.0

5.0 + 2.5

13 + 6

6.5 + 1.5

0.5 + 0.3
w_

4.1 + 1.5

2.5 + 0.5

1.0 + 0.1

2.3 + 0.6

5.0 + 0

Po-210

3.4 + 1.3

398 + 224ab

16 + 12

3.0 + 1.3

1.8 + 0.8

17 + 11

2.7 + 2.1_
4.1+1.5

0.8 + 0.6

0.4 + 0.2

1.9 + 0.4

2.0 + 2.0

a Significantly (p<.05) higher than Crownpoint control, analysis of variance, Duncan's multiple range test
b Significantly fp<.05) higher than Crownpoint control, Wilcoxon's two-sample test



TABLE 4. Dose to human target organs from ingestion of cattle tissue
assuming Scenario la conditions.

Exposure
Group I

Ambrosia Lake
Group 1

Ambrosia Lake
Group 2

Church Rock

Crownpoint
Control

Target Organs (50 year dose commitments in arem,
per year of ingestion)

Nucl ide

U-238
U-234

Th-230
Ra-226
Pb-210
Po-210

Total

U-238
U-234

Th-230
Ra-226
Pb-210
Po-210

Total

U-238
U-234

Th-230
Ra-226
Pb-210
Po-210

Total

U-238
U-234

Th-230
Ra-226
Pb-210
Po-210

Total

Kidney

.131

.152

.00021

.160
5.06

123.8

129

.031

.129

.00008

.015
6.41

24.68

31

.166

.260

.00021

.024
1.43

26.25

28

.079

.104

.00010

.009
3.06

21.61

25

Liver•HBWMIBMM*

.00071

.00076

.0019

.160
11.65
21.07

33

.00046

.00070

.00063

.016
14.74
4.20

19

.00094

.0014

.0019

.024
3.30
4.47

7.8

.00044

.00057

.00087

.0092
7.03
3.68

11

Endosteun

.305

.355
1.12

12.12
40.51
3.95

58

.196

.311

.370
1.20

51.29
.784

54

.401

.624
1.10
1.79

11.46
.837

16

.188

.249

.510

.661
24.45

.690

27

Red
Marrow

.020

.023

.086
1.07
2.79
3.95

7.9

.013

.019

.029

.106
3.53

.788

4.5

.027

.039

.084

.158

.788

.337

1.9

.013

.016

.039

.059
1.68

.690

2.5

a Scenario 1 assumes an annual ingestion of 74 kg muscle, 2.7 kg liver, and 1.3 kg
kidney.
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TABLE 5 Dose to human target organs from ingestion of cattle tissue
assuming Scenario 2 and 3 conditions.

Scenario 2

Location

Ambrosia Lake
Group 1

Ambrosia Lake
Group 2

Church Rock

Crovm point
Control

Scenario 3

Location

Ambrosia Lake
Group 1

Ambrosia Lake
Group 2

Church Rock

Crown point
Control

Target

Kidney

69.3

7.9

13.1

12.4

Target

Kidney

300

78.6

54.4

54.7

Organs (50 year dose commitments
per year of ingestion)

Liver

15.5

4.8

2.8

6.1

Endosteun Red

24.5

14.4

6.3

16.9

Organs (50 year dose comitaents
per year of ingestlon)

Liver

84.0

38.1

14.7

18.9

Endosteun Red

in »rem

Marrow

3.9

1.2

0.8

1.5

in nrem

Marrow

153 19.0

98.2

26.6

39.7

8.8

3.4

4.2

a This scenario assumes an annual ingestion of 78 kg of muscle (no liver or
kidney).

b This scenario assumes an annual ingestion of 62.3 kg muscle, 13.1 kg liver,
2.6 kg kidney.

34



REFERENCES

1. R. B. Holtzman et al., "Contamination of the human food chain by

uranium mill tailings piles," Argonne Nat!. Lab., NUREG/CR-

007-58/ANL/ES-69 (1979).

2. A.J. Ruttenber et al., "The assessment of human exposure to

radionuclides from a uranium mill tailings release and mine dewataring

effluent," Health Phys. 47, 21 (1984).

3. New Mexico Energy and Minerals Oept. Annual Resources Rept., Santa Fe,

NM (1984).

4. Radiation Protection Bureau, Information on File, Environmental

Improvement Division, Santa Fe, NM (1985).

5. Environmental Protection Agency, "Final environmental impact statement

on forming standards for the control of byproduct materials from

uranium ore processing (40 CFR 192), O.R.P., USEPA, (September, 1983).

6. M. H. Momen1 et al., "Radiological impacts of Jackpile -Paguate uranium

mines, Argonne Natl. Lab., ANL/ES-131 (1983).

7. Dept. of Commerence, "1982 census of agriculture," Vol. 1. Part 31.

AC 82-A-31 (1984).

35



3. Envimnmental Protection Agency, "Environmental radiation protection

stanferds for nuclear power operations," Tit le 40, Part 190, Fed! .Reg.

42,358 (1977).

9. P.O. Jackson et a!., "An investigation of radon-222 emissions from

undaigp-ound uranium mines," Satelle Pacific N.W. Lab., PNL-3262,

NUR8BCR-1273 (1980).

10. T. Jhfil, j. Mil lard , D. Baggett, and S. Trevathan "Radon and radon

decay product concentrations in New Mexico's uranium m i n i n g and m i l l i n g

district," Radiation Protection Bureau, Environmental Improvement D i v . ,

Sant«Fe, NM, (1985).

11. State of New Mexico, Environmental Improvement Board, R a d i a t i o n

Protection Regulations, (Filed April 21, 1980).

12. Federal register, Vol. 39, No. 82, p 14743, (April 26, 1974).

13. J. MiJTard, T. Buhl, D. Baggett, "The Church Rock uranium mill tail ings

spill; A health and environmental assessment. Technical report I:

Radiological impacts", Radiation Protection Bureau, Environmental

Improwanent Division, Santa Fe, NM, (1985).

14. Envirowental Protection Agency, "Radiochemical analysis procedures for

analysis of environmental samples," EMSL-LV-0539-17 (1979).

36



15. Dept. of Energy, "Environmental measurements laboratory procedures

manual," USOOE 25th Ed (1982).

16. Environmental Protection Agency, "Prescribed procedures for measurement

of radioactivity in drinking water," EPA-600/4-80-032 (1980).

17. SAS Institute, "SAS user's guide - 1979 ed." (Raleigh, N.C.: SAS

Institute 1979).

18. J. H. Zar, "Biostatistical Analysis," (Prentice-Hall Inc. Englewood

Cliffs, N.J. 1974).

19. 8.M. Gallaher, M.S. Goad, "Water-quality aspects of uranium mining and

milling in New Mexico," New Mexico Geological Society, Special Pub!.

No. 10, p. 85 (1981).

20. D. E. Dunning, "Estimates of internal dose equivalent from inhalation

and ingestion of selected radionuclides," WIPP-DOE-176 (Rev.2) (1985).

21. International Commission on Radiological Protection, "Recommendations

of the Internal!. Commission on Radiological Protection," ICRP Publ.

No. 30, Part I, (Pergamon Press 1978).

22. International Commission on Radiological Prottction, "Recommendations

of the Internatl. Commission on Radiological Protection," ICRP Publ.

No. 26 (Pergamon Press 1977).

37



23. Interattional Commission on Radiological "rotection, "Recommendations

of tHe International Commission on Radiological Protection", I.O.A.,

Pergawn Press (1971),

24. J. M. Samet et a!., "Lung cancer risk and vitamin A consumption in Mew

Mexico" Am. Rev. Respir. Dis 131, 198 (1985).

25. L.M. McDowell-Boyer, A.P. Watson, CC. Travis, "Review and

recoiatndations of dose conversion factors and environmental transport

paramtrs for Pb-210 and Ra-226", NUREG/CR-0574 (1979).

26. Office of Nuclear Material Safety and Safeguards, U.S. Nuclear

Regul«ory Commission, "Final Generic Impact Statement on Uranium

Milling" NUREG-0706 Vol. Ill (1980).

27. J.B. Jfllard, S.C. Lapham, et al. "Radionuclide levels in sheep and

cattle jrazing near uranium mines and mills at Church Rock, New Mexico.

28. Envirofliental Protection Agency, "EPA's Proposed standards for

controlling, stabilizing mill tailings at uranium thorium processing

sites « CFR, Part 192," Environment Reporter, pp 29-48 (April 29,

1983).

38



APPENDIX A.

Quality Control Comparisons.

Split samples of muscle, liver, and kidney from six cattle were analyzed

for each radionuclide by both laboratories. Eleven analyses were not

completed by EPA-Las Vegas due to technical problems. Thus, 97 pairs of

split sample results were compared. A range, consisting of the reported

radionuclide concentration + the counting error, was calculated. The

ranges overlapped for 56 (581) of the pairs. For statistical comparison,

paired results were grouped by radionuclide and analyzed (Table A-l) using

a two-tailed, paired-sample t-test (1).

Differences between polonium-210 values reported by the two laboratories

were significant statistically. Mean polonium values reported by Eberline

for muscle, liver, and kidney were 1.7, 2.4, and 1.7 times higher,

respectively, than those reported by EPA-Las Vegas (Table A-2). None of

the paired-sample t-tests for the remaining radionuclides were significant

statistically at the p<0.05 level of significance.

Since Po-210 is the radionuclide that contributed most to the internal dose

received from eating cattle, this discrepancy between the two laboratories

is of concern. Eberline Laboratory reported consistently higher values for

Po-210, although the methods used by both laboratories in determining Po-

210 activity were the same. Both laboratories, moreover, analyzed the

tissues for Po-210 several months after the samples were collected. Thus,

laboratory delays in performing Po-210 analyses may have contributed to
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errors in Po-210 measurements. Po-210 has a short half l i fe '138 da/sx

(2), Both laboratories separated the muscle for Pb-210 and Po-2!Q, 110

days, almost one half life, after the animals were sacrificed. Eberline

performed the analyses on liver samples 318, and in one sample 354, days

after collection, and on kidney samples 195 or 200 days post collection.

EPA-Las Vegas analyzed liver and kidney 129 and 101 days after collection,

respectively. Although the Po-210 concentrations were corrected for

ingrowth from Pb-210 and for Po-210 decay, performance of laboratory

analyses several half-lives after sample collection and mathematical

correction of the concentrations to the separation date could introduce

error into the results when there is low specific activity in the tissues.

In order to evaluate the differences noted between Po-210 measurements by

the two laboratories, we compared Po-210/Pb-210 ratios reported in this

investigation with Po-210/Pb-210 ratios reported for femurs and soft

tissues elsewhere in the literature. Po-210/Pb-210 ratios in human bone

have been reported to approximate 1.0 (3). However, reported Po-210/Pb-210

ratios in animal femurs have not been found to equal one consistently. In

two previous reports, Po-210/Pb-210 ratios in animal femurs ranged from

0.84 to 23.8 (Table A-3). Average Po-210/Pb-210 ratios in femurs reported

by Eberline Laboratory in the present study were from 1.3 to 15.1 in cattle

from the three exposed groups and 0.8 among femurs from control cattle

^Table A-4). In some cases, these averages are small numbers primarily

because of very low corrected Po-210 concentrations. For example, 6 of 10

individual measurements in control femurs had corrected Po-210 values of

zero (Appendix 8). EPA-Las Vegas did not perform radiochemical analyses of

bone in the present study.
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It has been suggested by Osborne that Po-210 may be concentrated in

soft tissues, particularly liver and kidney, of humans and animals, the Po-

210 being measurably in excess of Pb-210 (2). He reported Po-210/Pb-2!0

ratios for the human liver and kidney of 1.8 to 8.9 (Table A-3). Polonium-

210/Pb-210 ratios reported for livers and kidneys of cattle raised in a

rural area averaged 2.6 and 4.1 respectively (5), while ratios in cattle,

sheep, and goats exposed to products of the uranium mining and milling

industry in previous reports (4, 6) ranged from 0.2-26 in liver and 0.65-

8.95 in kidney f Table A-3). Most of the averaged Po-210/Pb-210 ratios for

muscle, liver, and kidney calculated from values reported by Eberline

Laboratory were much higher values than those reported previously and were

also higher than those reported by EPA-Las Vegas (Table A-4). This casts

doubt on the accuracy of either the Pb-210 or the Po-210 measurements

performed by Eberline Laboratory.

The Po-210 concentrations reported by Eberline Laboratory for the exposed

and control cattle were higher, both when compared to EPA-Las Vegas'

measurements and when compared to other published reports. Thus, it is

probable that the Po-210 measurements were in error. Eberline

Laboratory's reported values were approximately twice those of EPA-Las

Vegas. Thus, the true values for Po-210 may have been half those reported

in Table 2.
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TABLE A-l. Differences between radlonucllde concentrations reported by two
laboratories for split samples of muscle, liver, and kidney tissue.

Rarlionucl

U-?38

U-234

Th-?30

Ra-226

Pb-210

0-210

a Mean di

ide (N)

(16)

(16)

H6)

(18)

(15)

(16)

fference =

Mean Difference a SEM °

-0.9

-0.53

1.5

-7.54

6.49

89.8

(Eberllne's

0.71

0.77

1.09

5.11

18.63

32.7

reported value -

t value required
for statistical
significance

t value l 0.05(2) f df=n_i

-1.27

-0.69

1.38

-1.48

0.32

2.7<*

EPA-Las Vegas1

+2.13

+2.13

+2.13

+2.11

+2.145

+2.13

reported value

CO

h Standard error of the mean
c t = mean difference

SEM
H Significant at p<0.02



T A R I C A-7. Mean radionuclide concentrations reported by two laboratories for split samples of muscle, liver, and kidney.

Mean Radionucl<()e Concentrations + S E M ( p C T / k g wet wt)a

1 .ihnratory Tissue U-238 U-234 Th-230 Ra-226 Pb-210

ine Muscle 0.53+ 0.09(6)c 0.92+ .17(6)
Ve9as 0.23+ 0.06(6) Q.21+ .05(6)

ine Liver I.?* 0.8(4)

FPft-Us Vegas 6.°+

1.4+ 0.

F P A - L a s Vegas 1.7+ M(4) 1>8± j 3(4)

fhor l ine Kidney 4.4+ 2.o(6) 5.3+2.3(6)

7.1+

0.57+0 0.20(6) 2.4+1.5(6) 1.5+0.8(5)

0.34+ 0.11(6) 2.64 1.9(6) 2.4+ 0.

2.8+ 1.

7.7+ 3.8(6)

6.2+ 4. 88+ 88(5)

1.1+0.8(4) 13.2+9.5(6) 66+38(5)

8.2+ 2.6(6) 33+ 20(6) 62+ 14(5)

49+ 33(6) 63+

15+ 8(6)
!

8.7+ 3.5(6)

159+ 65(4)

67+ 42(4)

408+ 108(6)

235+80(6)

•Standard error of the mean

eari;:r)0;e?Ja0rart^nrtd1teV!1UeS *"* C°rreCted f°r """""Iv. ^ay and for the ingrowth from Pb-210, to EPA-Las Vegas'

c( ) indicates the number of samples wi th in each mean
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TABLE A-4. Po-210 to Pb-210 ratios in Muscle, liver, and kidney tissue reported by
two laboratories.

Eberline*

Ambrosia Lake
Group 1

Ambrosia Lake
Group 2

Church Rock

Crownpoint

Muscle
Liver
Kidney
Femur

Muscle
Liver
Kidney
Femur

Muscle
Liver
Kidney
Femur

Muscle
Liver
Kidney
Femur

58
641
29.5
1.3

11.8
247
5.3

15.1

54.2
220
16.5
4.8

13.5
190
9.8
0.8

EPA-Las Vegasb

6.5, 7.2
2.6 -
6, 4.3

1.0 -
2.2 -
3.4, 4.6

1.3, 1.4
- 1.2
- 2.2

aDetermined by averaging the individual Po-210/Pb-210 ratios for tissues from each
animal. All negative and zero numbers for Po-210 or Pb-210 concentrations were set to
equal one.
blndividual determinations
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l.il.le 11-2 Cunt . PRINTOUT OF ENVIRONMENTAL DATA BY LOCATION '11 TUESDAY, DECEMBER 10, 1985 2

. ... —————————————————————————————————— f,OC=Crown point ——————————————————————————
nnr. ID
•'. ; vi 7

TYPE

V

COL_DATE

110383

U234M

0.3

U234E
0.1

U238M
0.3

U238E

0.1

TH230M

0.1
TH230E
0

RA226M

0.1

RA226E
0

PB210M

1.2

PB210E

0.1

P0210M

0.1

P0210E

0.2

VOL_WET

96

._.-_._ _ __ __ i rw'-rkiî r.k r>̂ ,,i, „_ _ — _ ————————————— —

OB3 ID

'.•I M07
<ib HOB
•ir, 519
f>7 520
<<S 521
ll 522
•>« 523
M VI 8

V19
55 V20

k-> V21
•>$ V22

TYPE
H
U
S
S
S
S
S
V
V
V
V
V

COl_DATE
120183
120183
111883
111883
111883
111883
111883
111883
111883
111883
111883
111883

U234M
470.0
590.0
0.6
1.1
2.4
0.9
3.8
0.1
0.1
0.3
0.1
0.9

U234E

20.0
20.0
0.1
0.1
0.4
0.1
0.2
0.0
0.0
0.1
0.0
0.1

U238M
440.0
590.0
0.6
1.1
2.4
1.0
3.6
0.1
0.1
0.3
0.1
0.9

U238E
20.0
20.0
0.1
0.1
0.4
0.1
0.2
0.0
0.0
0.0
0.0
0.1

TH230M TH230E
0.7
0.6
0.7
4.2
4.0
0.9
4.8
O.I
0.1
0.3
0.1
0.5

0.3
0.2
0.1
0.2
0.2
0.2
0.2
0.0
0.0
0.0
0.1
0.0

RA226M

1.0
0.7
1.1
1.5
1.0
7.0
0.1
0.2
8.0
0.0
1.7

RA226E

0.3
0.2
0.3
0.5
1.0
0.3
2.0
0.0
0.1
2.0
0.0
0.5

PB210M

3.0
2.0
1.2

* 2.3
6.5
1.8
8.6
0.2
0.1
1.5
0.2
0.7

PB210E

1.0
1.0
0.3
0.3
0.4
0.3
0.5
0.1
0.1
0.6
0.1
0.3

P0210M

0.2
1.3
2.0
2.1
7.1
1.0
8.5
11.0
0.6
0.0
0.9
0.9

P0210E

0.4
0.4
0.3
0.4
0.9
0.2
1.3
0.2
0.2
0.4
0.2
0.2

VOL_MET

3410
4170
1175
813
722
1053
901
180
91
178
96
116

Type:

W=water
S=soil
V=vegetation

Letter following each radionuclide:
^individual measurement in pCi/kg dry wt. for soil and vegetation, wet wt. for water
[.-counting error (2 standard deviations)



REFERENCE #7

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT I

M««ting! ( V K) T«l«ph<m«i ( ) Oth«rs (

CONTACT LOCATION: NSO

ADDRESS: P.O.B. 2946, Window Rock, .&Z 86515

PERSON CONTACTED
AND TITLE , : Patrick Antonio, Hydrogeologist, NSO

PHONE: 602-871-7331

FROM (Contacting
Party) : <j, ^ Morris, Environmental Spec. , NSO

DATE : 6/18/90

SUBJECT: "Sole Source" aquifer, Flood Plain, Haystack Mountain, NM

CONTACT SUMMARY REPORT;

There is no "§ole Source" aquifer, and The Nanabah Vandever site
is not in a flood plain.



REFERENCE #8

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT I

Meeting: <>&) f«l«phon«s ( ) Oth«r: ( )

CONTACT LOCATION: NSO

ADDRESS: P.O.B. 2946, Window Rock, AZ 86515

PERSON CONTACTED
AND TITLE : Pat Molloy, Health Physicist, NSO

PHONE: 602-871-7332

FROM (Contacting
Party) : T. Morris, Environmental Spec., NSO

DATE : 6/18/90

SUBJECT: Calculations: Waste Volumes, Nanabah Vandever site

CONTACT SUMHARY REPORT:

See Attached:



1. ASSUME d = h = 10 ft AND THAT THE WASTE PILE GEOMETRY IS

APPROXIMATED BY:

A = 1/2 bh
A = 1/2 (142')(102'

2A = 7.1X

NAVAJO SUPERFUND OFFICE
Nanabah Vandever
Uranium Mine

JUNE '90 T. MORRIS



= [7.1(103)ft 2][102ft] (2)

= 1.42 (106) ft3

3. Compensate that above volume for void volume overestimate

Vtp = '7 VGEO = 9.94(105)ft3

4. Assume that the fraction of U_0g present in the tailings is
-4of the order of magnitude 10

10"4 VTp = VU308 = 9.94(10) ft3

= 2.81C106) cm3

5. From General Assumptions the density of lUOo was found to
be 23.26 yin . cm so that

MU,0R =6.55 (104) kg
1)5 : 72.18 Tons

06. WU,Op = .22 = 1.22
^FT -18

* WV2°5 = 88-22 Tons

7. WU-0D + WV00C - 160.4 Tons
JO £i D

QF = 4

8. Assume the smaller, adjacent waste pile (B) to be 30%
of the larger (Fig.5)

Therefore: U,0Q = 21.65 TonJ O

U205 = 26.47 Tons

9. Total Waste Quantities: U30g = 93.83 Tons

V0 = 114.69 Tons



GENERAL ASSUMPTIONS

1. Take PSS I 1.7 gm.cm*3

Consider the U235 and U231 abundances (U234 negligible) whereby,

"Fraction U235" = 7.2 (10"3)

"Fraction U235" = .9927

Then derive the molecular weight of UO as;

MWu,o. = [7.2 (10*3)] f ( 3 ) (235)]
+ ( .9927) (3) (238)]
+ 8 (16)
= 821.86

Likewise, derive the molecular weight of SiOj (sandstone).

MWSi02 = 28.09 + 2 (16)

= 60.89

= 82JU86 = 13.68
HWSi<52

Then,

.
HHSlOj 60.09

= 13.68
Pss' ^

So that,

2. (From reference 122)

KWu235 = 235 gm. .mole"1

MWu231 = 238 gm. .mole"1

Yet, the atomic volume associated with j2u*J5; Periodic
properties of elements

Aj = 12 cm3 .mole"*

whereby,

Af"1 MWu235 = 19.58 gm.cm*3

and,

A/1 MW,238 = />u231

= 19.83 gm.cm"3



u
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REFERENCE #9

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT

Meeting: ( ) Telephone: (x) Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P.O.B. 2946, Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Christopher Mike, ASO 1, Navajo Water Development

PHONE: 602-871-6954

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 5/30/90

SUBJECT: Water well analysis for Haystack Mountain municipal well

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

See Attached:
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ER CHEMICAL ANAL]T^%

F LOCATION JB&S4 J /V

NAVAJO TRIBAL UTILITY //"HIORITY fffft

^y^-f-f^f^- DATF r.oi i prTi=n /~ ' C- r>.) ^r^fc
JFCFIVFD "9- f & ^^ mi i FOTFD RV • '"j fh>^.
)F FINAL ANALYSIS <f-/(s-£? ADDRFSS X.^f«~^ h • l's<~
ICIAN // ^ , ̂ ,^//-7

PARAMETER
ALKALINITY

CALCIUM

CHLORIDE

TOTAL HARDNESS

MAGNESIUM

MANGANESE
IRON

PH

PHOSPHATE /, . , fy , • • . ^

POTASSIUM

SODIUM
SULFATE
TOTAL DISSOLVED SOLIDS

Tuaaiuu* f^j , y> £i -ff - ^'
FLUORIDE

METHOD
TITRAMETRIC

TITRAMETRIC OR AA

TITRAMSTffiC /,;_,
TITRAMETRIC

CALCyLATED OR AA

SPECTROPHOTOMETRIC OR AA
SPECTROPHOTOMETRIC OR AA
ELECTRODE

SPECTBOPHeTOMETRIC . _
FLAME PHOTOMETER

FLAME PHOTOMETER

TITRAMETRIC /_
ELECTBOOE

NEPHEJ.OMETER it.

ELECJflODE . ̂

RESULTS
^ jriy, /;-;̂ 4, //-, fc,^

*? '-C <S ,*",/f <"<,fi. T|

-. f - ~t~,r.{( c i"
.-•: - .-•- u. •
•>' , ̂  . • / • - . : • ' •

,, -.-.<. .-/, /.^.y
/ -7 .:.. t:- <^-f

"If. A,, ^ • V

/;• ?, •» .-*,
^£-/, />"-'<^-
psay, // S>;H. 4- <•••*,'
/ , I- C /»• ̂  t< /" ""

mg/l

75-200
250 >••
500

~.
0.05
0.3
6.5-8.5

•J
1000-2000 s.

"*

250

500 «<
1.4 UJ

V

C^

'̂
fc

' h.

V.
entos
0

ccf?

CHEMICAL
ANALYSIS

SAMPLE NUMBER

SAMPLE LOCATION,

DATE RECEIVED

DATE OUT

NAVAJO TRIBAL UTILITY AUTHORITY
LABORATORY

PWSID NUMBER.

DATE COLLECTED.

COLLECTED BY_J

"7-

TEST [ PARAMETER | j WJETHOD | | RESULTS | MCL ]

iv/
\^_
^
•f
^/
V

4-

ARSENIC

BARIUM

CADMIUM

CHROMIUM

IRON

LEAD

MANGANESE

MERCURY

SELENIUM

SILVER

NITRATE (AsN)

FLUOWOE

ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

FLAMELESS ATOMIC ABSORPTION

ATOMIC ABSORPTION

ATOMIC ABSORPTION

CADMIUM REDUCTION

ELECTRODE

-<.ODt
• O^b

<.DO[
• QO2^
. D^7

^. 00 1
,oo£
;60 \

•^ .00 I
•< . oo i

0.05
1.0
0.01
0.05
N/A
0.05 '
N/A
0.002
0.01
0.05

10.0
1.4



V ' T* t-"!-' !e»-W .5^̂

" SLL Nt* 16T^51 ' " ' - ~ " " " ^^^

bATE REPAIRED
10/22/69

11/20/69

1/13/70
2/5/70

3/17/70
7/17/73
^9-«!?7-^f'
3/1 9/75 fUM-^V
/ 0-2 z-^iS"

WORK DONE AND MATERIALS USED
Used sucker rods, 2 -̂" pipes for corner post, 2" pipe for grit and cross braces
nut", nf ^noVpT* T'orl^a
Installed L4.1 aermotor, 2" x 21' pipe, 2-2" close nipples, 2" tee, 2" elbow
and 2" short nipple.
Repainted windmill tower.
Installed /i.,000 gal storage tank, !-&" x 2' pipe, 1-r" stor> & waste valve.
5— ~]-^-" e3bow.
Welded leak on storage tank.
Repaired the 100 DC pump jack motor. Replace IV stop and waste valve.
ofju—^-cV at'/
Replaced stop and waste.
lAJjttd&^L Jt!e^L£&* */ /JTW *&<a4L> - t^n^L f /d^Lf^J^Ca^Jf^\

' ' " ' x ^
/ 16T-551 This well was turned over to the Public Health Service to be use it
I 86-121 project, 27,900 gallon storage tank is still existing on this

7-30-81
3-r//-&/
G-ftf -8 1
/6~? -ff(
/Q -*? —81
^6 -/-?-£/
/O-/et-0l
/O -3iln -£/

tf - ^y -?/
Q _ ^ -%j

<9 _ / <-j _ %/
q ,. / g-- g j

i n--?-^i
lO-g-81
10-13-81
10-19-81
10-26-81
n 7- 3rt- /? 7o s - 7 j - g ;
0 * - 7 4 - * I

for
wel

f \E:T&G~ &=ft£>i R) 6
l4?eft~& &00//U6

tf /f
fijljijtZviju \J^i4*JL*£i-6'L<-sii fit
•fi&jf °7*W(\JiC. //^2 "f' tM&TZriL. /2&4tf/fl)&

^SUT^SAi^ 'L/USP^cr/ArtJ
^iSP^crt onJ
/VL£>CLA^ RjL^-iyL^^a,
c2-<ju-AJL- / £>' (J
J^C~V^t^y^f^> (LA^<JL*
fy\JLJTjL-A^> /2_-t-£X— tf^-C-^rue

P'~>UtinQ Jnsper"1~ion v
Routine Inspeption.
Tank HJs/ Meter Reading
Routine Inspect ion .
Inspection
Mtf fgti I? £ /7 r/y M n
Meie-t Read-cnq
Me^e^t. Read^.nq



73

AS.

T R I B A L I .
L 0 C A T I ENTERED OCT 8

TRIBAL WELL NO [/ 3^3 n -JSlSl/ I I 3 3 3 3

WELL NAME/OTHER NO

W E L L T Y P E

PWSID

(MARK ONE* ONLY)

WATER WELL
( )WA ARTESIAN WELL
( )WS SPRING
( )OW OBSERVATION WELL
( )GS GAS WELL
( )OP OIL PRODUCTION
( )MW MINERAL WELL

W E L L S T A T U S
(MARK ONE ONLY)

(e**ACT ACTIVE
( )INA INACTIVE
( )ABA ABANDONED

!f3*»3

W E L L U S E
(MARK ONE ONLY)

( )DOM DOMESTIC
( )AGR AGRICULT.

LIVESTOCK
( )IND INDUSTRIAL

MINING
( )REC RECREATION
(t̂ HUN MUNICIPAL
( )OTH OTHER

QUAD NO [/]/]<f]

N E < E > i S W NW/NE SE

MILES WEST

SE

51 MILES SOUTH [/]/]. \O\O\

10~acre 40 acre 160 acre
HOHDCO

SECT. TOWNSHIP
3 3-1 1 1
RANGE

APPROXIMATE LOCATION [/] }fj\t fc]£] ]£]£]

] 1 ] 3 1 LONGITUDEr/ }o 373S1S12-3? 3

UTM COORDINATES: X(east)TTl 3 3 3 3 Y(north)TTT 3 3 3 3 3 ZONE[ 1 3

OPERATOR[rK3/l63£l 3 3 3 3 3 uses WATERSHED CODE[ 3 3 3 3 3 3 3 3 3 3 3
STATE; ( )A2 ARIZONA ( )NM NEW MEXICO ( )UT UTAH ( )CO COLORADO

COUNTY;( )AP APACHE
( )NA NAVAJO
( )CO COCNINO

( )MK MCKINLEY
( )VL VALENCIA
( )BL BERNALLILLO
( )SD SANDOVAL
( )SO SOCORRO
( )RA RIO ARRIBA
( )SA SAN JUAN

CHAPTER NAME

( )SJ SAN JUAN ( )MT MONTEZUMA
( )KA KANE ( )LP LA PLATA

GRAZING DISTRICT

CHAPTER CODE

LOCATION DATA SOURCE: 3*3 rl -3^3 3 3 3 3 3 3
LOCATION FILE COMPLETED BY; DATE

DATEFIELD CHECKED BY: [ 3 3 3 I 1 3 3 3 3 3 1 3 3 3 I DATE __/_/__

rev: 840425 form:well record loc



E c ° * D

T ? f I J L B ENTERED
WELL NO T/te3r3-3^g1TTTT f 3̂ 3' uses AQUIFER CODE [zjain •

_____ ___^_>_^
THICKNESS [ 3 3 IFT NOMINAL YIELD [ 3 3 3 TGPM YIELD MEASURED _/ /

) , _____ ^
>BAILER (uOPUMP TEST § [ 3 3-Sl^GPM FOR[ 3/361 JgjHOURS DATE fojTjW

DRAWDOWN [ 3 3 31373FT OBSERVATION WELL DATA AVAILABLE ( )YES ( )NO

EORIZ CONDUCTIVITY [ 3 3 3.3 3 3 TFT /DAY SPECIFIC CAPACITY"^ . 3 73 £] GPM/FT *>*&• t *rs -
— ———— ——— "

VERT. CONDUCTIVITYfTT 3 . 3 3 3 3 FT /PAY STORAGE COEF L ] ] 1 ] 3 ] ]

COEF OF TRANSMISSIVITY "fT~3 1 3 3tflf3 FT2/DAY oy €€<=> <S,+Jt>Jfn

INDICATE ADDITIONAL PUMPING TEST DATA AVAILABLE AS HARD COPY:
( )Y ( )N MULTIPLE RATE DRAWDOWN PUMPING TEST
O^fC (. )N SINGLE RATE DRAWDOWN PUMPING TEST
( )Y ( )N MULTIPLE RATE DRAWDOWN /RECOVERY TEST
(*tf: ( )N RECOVERY TEST

LOGS AVAILABLE; («^DL DRILLER'S LOG ( )EL ELECTRIC LOG

HYDROLOGY DATA SOURCE: [T]#]f]£]£] 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

HYDROLOGY FILE COMPLETED BY:___________________A^.g- DATE
*

S T A T I C W A T E R L E V E L F I L E

DEPTH TO SWL a^ FT DATE_£//7//fl$? DEPTH TO SWL______FT DATE__/__/
;Q ncT 8 10 o
DEPTH TO SWL if/?__FT DATE^/J7_/^f?/DEPTH TO SWL______^FT DATE__/__/

DEPTH TO SWL______FT DATE_/__/_ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL_______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE__/__/_

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/_ DEPTH TO SWL______FT DATE_̂ /__/_

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE__/__/__

rev:840427 form: well record hyd



I B A L W EJ. L : ' R g C Q %L
> T R U C T~U R~E~ F I L Y~

OfTERED

WELL NO [/3£3t1-351S-3/3 1 ] 3 ] I STARTED 2J#_/&ff COMPLETED Jjfjj/j

ELEVATION [ \£]£\<fy?\ FT DEPTH [ ]/]<y]^13l FT DEPTH MEASURED

DEPTH IS fmASmED ( ) ESTIMATED ( ) REPORTED WELL DIA. [ Ifl.ldffi IN

1 CASING DIA [ ]7J.l<Pte] FROM[ ] ] ]*-]2]FT T0[

2 CASING DIA [ ] ].] I ] FROM[ ] ] ] ] ]FT T0[ ] ] 1 J 3FT MATL[ ] ] }

3 CASING DIA C 3 3.3 I 3 FROM[ 3 I 3 3 3FT T0[ 1 ] ] ] ]FT MATL[ ] ] ]

4 CASING DIA [ ] ] . ] ] ) FROM[ ] ] ] ] ]FT T0[ ] ] ] ) }PT MATL[ ]
casing matl codes brs=brass cop«copper evdeeverdur Irn=iron «on=monel

pis-plastic stl-=steel sst-stainless steel

1 CASING PERFORATED FROM [ 3 1$]333]FT T0[ ]/]g]^)^FI OPENING TYPE

2 CASING PERFORATED FROM I 3 ] ] 3 ]FT TOJ_J_J_J_J_JFT OPENING TYPE J_]_

3 CASING PERFORATED FROM [ 3 3 3 3~TFT T0[ ]"] TTlFT OPENING TYPE TT

4 CASING PERFORATED FROM [ ] 3 } TT^T T0[ 3 3 3 3' 3FT OPENING TYPE TT

5 CASING PERFORATED FROM [ 3 3 3 T"3FT TO[ 3 3 3 3 3FT OPENING TYPE TT
opening codes: f«=fractured rock, l«louvered or shutter-type screen,
m=mesh screen, p"=perforated,porous,slotted casing, r«=wire-wound screen
s^screenjtype unknown, t=sand point, w=walled or shored, x=open hole
r=other
DATE WELL TURNED OVER TO TRIBE: / /

FUNDED BY: [ 3 3 3 3 3 3 3 3 CONTRACTOR: I 3 3 3 3 3 3 3 3 3 3 3 [ 3 3
SITE IMPROVEMENTS TYPE OF LIFT ENERGY SOURCE
( )WM WINDMILL ( )AL AIRLIFT (û EM ELECTRIC MOTOR
( )WP WATERING POINT ( )PS PISTON ( )DE DIESEL ENGINE
(vjfTA TANK ( )TD TURBINE ( )HA HAND
( )WL WATER LINE ( >MT MULTIPLE ( )GS GAS ENGINE
( )TR TROUGH TURBINE ( )L? LP GAS ENGINE
( )CS CISTERN ( )CN CENTRIFUGAL ( )NG NATURAL GAS ENGINE
( )HP HAND PUMP ( )MC MULTIPLE ( )WM WINDMILL
( )NO NONE CENTRIFUGAL ( )SO SOLAR

( )BU BUCKET
SUBMERSIBLE

PUMP HP [ 3 1 I 3 ON SITE STORAGE CAPACITY [ 3 3 I 3 I 3 GAL

STRUCTURE DATA SOURCE: M/e3/3^3^1 3 3 3 3 1 I 3 3 3 3 3 3 3 I 3 3 J 3
STRUCTURE FILE COMPLETED BY: __________________ /"?• g » DATE
rev: 840426 form: well record str



T R I B A
• C 0 M L

R P

TRIBAL WELL NO

PERTINENT
COMMENTS : X&.

T^'lSJS) I] J J J 1 J

AS

@^\ /

BIIBRED OCT

rev: 840430 form: well record com



r
Water >Well
Navajo Tribe
Window Rock, Arizona

RECORD

Quad. No. 119 .Miles west. 10.65 Miles south.

WELL

11.00

16T-.

1 mile SB of Haystack Mountain
Location

Began well September 11,' 1969

Diameter of well 9.00"______:

446'Static water level Drawdown

Finished well September 17. 1969

Depth of well 1083 '_____________
41' Recovery

21Quantity of water on test run: bailer: pump:——f _G. P. M. Tested for. -hours

Kind of casing:__T_§_C__ Sizes and length 7" OP X 1085'
PERFORATION: See Attached Sheet

Screen kind__________ Length.

Contractor THE NAVAJO TRIBE

Mesh.

DRILLERS: B.
DEPTH

Yazzie & j. Sam
Address Window Rockf Az

LOG
FAILING - 2500 Rotary

From

0
55
79
180
190
255
350
376
465
470
803
80?
819
822
911
916
935

To

55
79
180
190
255
350
375
465
470
803
807
819
822
911
916
935
1083

Formation Acquifer Remarks

Top soil brown
Black Volcanic
Red shale - sc
Red shale and
Red shale and
Red shale - sc
Red shale and
Red shale - so
Red shale and
Red shale - so
Purple and whi
Red and purple
Purple sands to
Medium grain w
White clay - s
Brown to white
Red brownish s

sand - soft
materials - hai
ft
white clay - sol
purple shale
ft
purple sandstone
ft
purple and whit*
ft
te sandstone - s
shale

ne
ith to red sand.
oft
sandstone - soi
andstone - soft

d

t

i - soft

sandstone - soft

oft

tone - soft

t
and hard

Remarks:
S.P.

Teu
Salts

Calcium
Qu

Magnesium
Mg.

Sodium
Na.

Chloride*
a.

Sultan
SO

4

Carbonitfj
HCO

3

P.H, CO
3

Excellent Good Fair Poor Doubtful Not suitable for domestic, livestock use

NTRO. At



T R I B A L. W E L'?, HE
L 0 C A T I 0 N~ F I L V

TRIBAL WELL NO [/ U IT] -151̂ 343 1 3 3 1 3 PWSID

WELL NAME/OTHER NO M* 1X1 Sir]*3dlK]. .1*1.01*1*16]

W E L L T Y P E
(MARK ONE" ONLY)

(v/$WW WATER WELL
( )WA ARTESIAN WELL
( )WS SPRING
( )OW OBSERVATION WELL
( )GS GAS WELL
( )OP OIL PRODUCTION
( )MW MINERAL WELL

W E L L S T A T U S
(MARK ONE ONLY)

( )ACT ACTIVE ?
( )INA INACTIVE '
(X)ABA ABANDONED

W E L L U S E
(MARK ONE ONLY)

DOMESTIC
(<-?AGR AGRICULT.

LIVESTOCK
( )IND INDUSTRIAL

MINING
( )REC RECREATION
( )MUN MUNICIPAL
( )OTH OTHER

QUAD NO 1/3/391 MILES WEST 1/3^3.3^353 MILES SOUTH [ 3fl.lg3o3

/NE)SE sw NW/NE'SE SW{NW)?N£)SE sw NW
10 acre 40 acre

APPROXIMATE LOCATION '

160 acre SECT. TOWNSHIP RANGE

]M}o]f]M]T]4]/ Wl 1 3 1

[ M 3 3 3 3 3 3 3 3 LATITUDEf3 isl-zin̂ 333 LONGITUDE[/ 3o3 71*3*3a32-3
U T M COORDINATES: X(east) [ 3 1 1 1 1 3 Y (north) [ 3 3 3 1 1 1 1 ZONE

lAl AtiT USGS WATERSHED CODE[ 1 1 1 1 1 1 1 1 1 1 3

STATE: ( )AZ ARIZONA (u^NM NEW MEXICO ( )UT UTAH ( )CO COLORADO

COUNTY:( )AP APACHE
( )NA NAVAJO
( )CO COCNINO

MCKINLEY
( )VL VALENCIA
( )BL BERNALLILLO
( )SD SANDOVAL
( )SO SOCORRO
( )RA RIO ARRIBA
( )SA SAN JUAN

( )SJ SAN JUAN ( )MT MONTEZUMA
( )KA KANE ( )LP LA PLATA

GRAZING DISTRICT [/361

CHAPTER NAME CHAPTER CODE

LOCATION DATA SOURCE: [r3*3/ l^l£l

LOCATION FILE COMPLETED BY:

1 ̂ 3- Lglr]o3A/]£l KlT]-lgl 1 1

t/- l& *r\A* DATE /» / 3

tFIELD. CHECKED BY; "{' 1 3 T 1 1 1 Oil 3 3 3 T7 . -DATE

rev: 8404 25 form: well record loc



T R I B A
L 0 C A

R D

ENTERED UCT 8'1986
TRIBAL WELL NO 1 1 1 3 3 [ l l I 3 3 3 1 1 I
WELL NAME/OTHER NO [ 3 3 3 1 ] 1 1 ] 1 I ] J 3 1 3 3 3 1 1 3 1 1JJ 3 1

W E L L T Y P E
(MARK ONE* ONLY)

WATER WELL
( )WA ARTESIAN WELL
( )WS SPRING
( )OW OBSERVATION WELL
( )GS GAS WELL
( )OP OIL PRODUCTION
( )MW MINERAL WELL

W E L L S T A T U S
(MARK ONE ONLY)

ACTIVE
:NACT,jyT5i

) ABA ABANDONED

W E L L U S E
(MARK ONE ONLY)

( )DOM DOMESTIC
R AGRICULT.
LIVESTOCK

IND INDUSTRIAL
MINING

( )REC RECREATION
( )MUN MUNICIPAL
( )OTH OTHER

( )AG
IJj
( )IN

QUAD NO [/3/3?3 MILES WEST l/]23.]6]S] MILES SOUTH [ ]?]

NE SE SW NW/NE/SE SW NW/NE SB (SffiNW j/}£f-} [T3/133 .\G>W\ [R] /]/ ] .
10 acre 40 acre 160 acre"' SECT. TOWNSHIP" RANGE

APPROXIMATE LOCATION [ /]' 3 3i^£3s]ri \Q\£\ 3^^)V]^]r3>?3g}fc3 1 3
3 LATITUDE[alyjajnt333 LONGiTUDE[/3g373s3aU3g]

U T M COORDINATES: X ( e a s t ) [ 3 3 1 3 3 3 Y(north)[ 3 3 3 3 3 3 3 ZONE[ 3

OPERATOR i-r\#}t }& }£} 3 3 3 3 3 USGS WATERSHED CODE[ 3 3 3 3 3 I 3 3 3 ] 3

STATE: ( )AZ ARIZONA

COUNTY;( )AP APACHE
( )NA NAVAJO
( )CO COCNINO

NEW MEXICO ( )UT UTAH ( )CO COLORADO

MCKINLEY
( )VL VALENCIA
( )BL BERNALLILLO
( )SD SANDOVAL
( )SO SOCORRO
( )RA RIO ARRIBA
( )SA SAN JUAN

CHAPTER NAME

( )SJ SAN JUAN ( )MT MONTEZUMA
( )KA KANE ( )LP LA PLATA

GRAZING DISTRICT

CHAPTER CODE

LOCATION DATA SOURCE: {r3*]/M3£3.
~

3 1 3 1 3 ]

LOCATION FILE COMPLETED BY: .&/•• DATE

DATEFIELD CHECKED BY: TTTTT 3 3 l"l 1 3 3 3 3 3 ) DATE ̂ _l _J __

rev: 840425 fonsiwell record loc



A «

ENTERED NOV261986

T R I B A L
L 0 C A

TRIBAL WELL NO [/ 34371 -}6\25ZL ] ] 3 3 1 [ 3 3 3 3 3 3 3 3 3

WELL NAME/OTHER N O [ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

W E L L T Y P E
(MARK ONE ONLY)

WATER WELL
( )WA ARTESIAN WELL
( )WS SPRING
( )OW OBSERVATION WELL
( )GS GAS WELL
( )OP OIL PRODUCTION
( )MW MINERAL WELL

W E L L S T A T U S
(MARK ONE ONLY)

( )ACT ACTIVE
( )INA INACTIVE
"M ABA ABANDONED

__
QUAD NO [ ] 3 3

W E L L U S E
(MARK ONE ONLY)

( )DOM DOMESTIC
( )AGR AGRICULT.
£x3AV LIVESTOCK
( )IND INDUSTRIAL

MINING
( )REC RECREATION
( )MUN MUNICIPAL
( )OTH OTHER
C_

MILES WEST [ 3 3. 3 3 3 MILES SOUTH [ 3 3.3 3 3

NE SE SW NW/NE SE SW NW/NE SE SW NW t23̂  [T3/133 . IPlfiA [R3/3/)l .
10 acre 40 acre 160 acre SECT. TOWNSHIP RANGE

APPROXIMATE LOCATION [ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

[ 3 - 3 3 3 3 3 3 3 3 3 LATITUDE[ 3 3 3 3 3 3 LONGITUDE[ 1 3 3 3 3 3 3
UTM COORDINATES: X(east)T7l5>3^3/7lg?m Y(nort ZONE

STATE; ( )AZ ARIZONA

COUNTY:( )AP APACHE
( )NA NAVAJO
( )CO COCNINO

_ 3 _ USGS WATERSHED CODE[ 3 3 3 3 3 3 3 3 3 3 3

NEW MEXICO ( )UT UTAH ( )CO COLORADO

MCKINLEY '
VL VALENCIA -

( )BL BERNALLILLO
( )SD SANDOVAL
( )SO SOCORRO
( )RA RIO ARRIBA'
( )SA SAN JUAN .

( )SJ SAN JUAN ( )MT MONTEZUMA
( )KA KANE ( )LP LA PLATA

—+-+-
GRAZING DISTRICT |/3£>3

CHAPTER NAME CHAPTER CODE

LOCATION DATA SOURCE: 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
LOCATION FILE COMPLETED BY:

FIELD CHECKED B Y : 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

rev:840425

_____ DATE _/_/_

DATE _/__/__

form:well record loc



T * I B AtW
L 0 C A T I

TRIBAL WELL HO 1 1 1 iTT PWSID Mil fTYTTl

WELL NAME/OTHER HO te3e3<a-3£3-3fl ..1.1 111 3 1 J 111 3 1 3 fTTTT
W E L L T Y P E

(MARK ONF~ONLY)

(V?WW WATER WELL
( )WA ARTESIAN WELL
( )WS SPRING
( >OW OBSERVATION WELL
( )GS GAS WELL
( )OP OIL PRODUCTION
( )KK MINERAL WELL

W E L L S T A T U S
(MARK ONE ONLY)

("TACT ACTIVE'?
( )INA INACTIVE
( )ABA ABANDONED

W E L L P S E
(MARK ONE ONLY)

( )DOK DOMESTIC
( 4*GR AGRICULT.

LIVESTOCK
( )IND INDUSTRIAL

MINING
( )REC RECREATION
( )MUK MUNICIPAL
( )OTH OTHER

QUAD HO [/3/391 MILES WEST [ 3?3.3^3e>3 MILES SOUTH I }g\.\1\S\

HE SE SV{N^/NE SB SW
10 acre 40 acre 160 acre

APPROXIMATE LOCATION

113/333.301*3
SECT. TOWNSHIP RANGE

3 3 3 3 3 j

T'3 3 3 3 3 3 3 3 3"T LATITUDE IjTsT^^alg 3 LONGITUDE!/3^3 ?}3151*3*3
C T M COORDINATES: l(east)TT'3 3 3 3 3 Y(north)TTT~3 3 3 3 3 ZONEfTT

OPERATOR |r1/?3/ }£ 3£l 3 3 J 1 J DSGS WATERSHED CODE[ 3 3 3 3 3 3 3 3 3 3 3

STATE; ( )AZ ARIZONA

COUNTY;( >AP APACHE
( )NA NAVAJO
( )CO COCNINO

NEW MEXICO ( )UT UTAH ( )CO COLORADO

MCKINLO
( )VL VALENCIA
( )BL BERKALLILLO
( )SD SANDOVAL
( )SO SOCORRO
( )RA R1C ARRIBA
( )SA SAN JUAK

( )SJ SAN JUAN ( )MT MONTEZUMA
( )KA KANE ( )LP LA PLATA

GRAZING DISTRICT

CHAPTER NAME CHAPTER CODE

LOCATION DATA SOURCE: Ir3l3/3£3£3 363-
LOCATION FILE COMPLETED BY;

K3r3-3g3 3 3 3 3 3 3

£/• *?* ?nei*t

FIELD CHECKED B Y : [ 3 3 3 3 1 3 3 3 1 3 3 3 3 3 3

rev:840425

DATE toj_ __

DATE ̂_/__/_

form:well record loc



ill Development
ribe
Rock, Arizona

119

WELL RECORD

;ject #6537
)L

. Miles west. 10.5 ,.0.0

6 miles East of Prewitt, New Mexico
Location

Began well October 15, 1963 Finished well November 13. 1963

Diameter of well .

Static water level

8"

365' Drawdown

3

Depth of well
49'

414

Recovery

Quantity of water on test run: bailer: pump:____

Kind of caging- 6-5/8" Sizes and length

Screen kind____________ Length—————

_G. P. M. Tested for. Jiours

380' - 414' Perforated

Mesh.

r>ntrVrnr THE NAVAJO TRIBE A,Mr«« Window Rock. Arizona
Drillers: G. Williams, Self

DEPTH LOQ

From

0
40
120
205
230
260
28'0
380
41O

To

40
120
205
230
260
280
380
410
414

Formation Acquirer Remarks

Alluvium Fill
Sandstone
Gray Lime - Har
White Lime
Gray Lime Hard
Sandstone Hard
Sandstone Hard
White sand soft
wnite lime hard

I

Water

Remarks:

S.P. 750 Temp: 78°
Teta
Salts

Calcium
C*.

Magnesium
Mg.

Sodium
Na.

Chloride*
CL

Sulfam
SO

4

Carbon atrs
HCO

3

P.H. CO
3

Excellent Good

XXX

Fair Poor Doubtful Not suitable for domestic, livestock use

NTRll . HI



T R I "B A L \ *
L O C A T '«

ENTERED OCT 1 3 1986
TRIBAL WELL HO [/3£3T3-35̂ -3/3 ] } 1 I ] PWSID { ] ] ] } ] ) ] ) ]

WELL NAME/OTHER HO I 3 3 3 3 3 3 I 3 3 3 3 1 3 3 3 3 3 3 3 3 3 _]_]_]_ ]

W E L L T Y P E W E L L S T A T U S W E L L U S E
(MARK ONE~ ONLY) (MARK ONE ONLY) (MARK ONE ONLY)

WATER WELL «̂ lCT ACTIVE ( )DOM DOMESTIC
( )WA ARTESIAN WELL ( )INA INACTIVE ( UGR AGRICULT.
( )WS SPRING ( )ABA ABANDONED fCxT LIVESTOCJI
( )OW OBSERVATION WELL ( )IND INDUSTRIAL
( )GS GAS WELL MINING
( )OP OIL PRODUCTION ( )REC RECREATION
( )MW MINERAL WELL ( )MUN MUNICIPAL

( )OTH OTHER

QUAD NO (73/393 MILES WEST [/]<?]. ]ST&1 MILES SOUTH [/ ]Q] .

NE SE SW(^NWNE SE S W N E { S W NW /\g\ "[T~37]3l".
10 acre 40 acre 160 acre " SECT. TOWNSHIP RANGE

APPROXIMATE LOCATION [£1 >fl t}t}£}$} ]£>3S ]Tl }01f} l^Kl^M/lrlr] ] 3

[ 3- 1 3 3 1 1 1 3 3 I LATITUDE[3Is3^31 U3&I LONGiTUDE[/3o3y3S1^3/3o3

UTM COORDINATES: X(east)[ 3 3 3 3 3 3 Y(north)[ 3 3 3 3 3 3 3 ZONE[ 3 3

OPERATOR [•n/el/]£]£l ]<?&]m] 3 USGS WATERSHED CODE[ 3 3 3 3 3 1 3 3 3 3 3

STATE; ( )AZ ARIZONA (^TNM NEW MEXICO ( )UT UTAH ( )CO COLORADO

COUNTY ;( )AP APACHE ('!K MCKINLEY ( )SJ SAN JUAN ( )MT MONTEZUMA
( )NA NAVAJO ( )VL VALENCIA ( )KA KANE ( )LP LA PLATA
( )CO COCNINO ( )BL BERNALLILLO

( )SD SANDOVAL ____
( )SO SOCORRO GRAZING DISTRICT {/3<g3
( )RA RIO ARRIBA
( )SA SAN JUAN

CHAPTER NAME /S>?^X? ____ __________ CHAPTER CODE

LOCATION DATA SOURCE: [yKly telzl, 3^1 • l^Irk>3^£3 Kin-]^ 3 3 3 3 3 3

LOCATION FILE COMPLETED BY; M<*Sc*ef^<^. ̂ vmbu DATE

FIELD. CHECKED BY; { 3 3 3 ] 3 3 3...1. IJ.J _3_J_J_J DATE _/>_J_

rev:840425 fonotwell record loc



R E C O R D

_______ "* ''_ * * L * ENTERED POT. 1 3 'W
WELL NO [/telrl-lsffi/rTI' J J .1 uSGS AQUIFER CODE [2.J2-] /]

THICKNESS [ ] ] ]FT NOMINAL YIELD J_LJLJ_JGPM YIELD MEASURED / /

( ) BAILER ( )PUMP TEST @ I 1 ] 333"GPM FOR[ ] ] 33 . ]C>1 HOURS DATE M_l'jJ Wl

DRAWDOWN [ ] ] 34WTFT OBSERVATION WELL DATA AVAILABLE ( )YES

HORIZ CONDUCTIVITY[ ] ] ] . ] ] ] ]FT/DAY SPECIFIC CAPACITY[ ].] ] ]GPM/FT

VERT. CONDUCTIVITY[ 3 3 3~ 3 3 3 3 FT/PAY STORAGE COEF [.] 1 3 ] ] 1 ]

COEF O F TRANSMISSIVITY [ 3 3 3 3 3 3 3 FT2/DAY

INDICATE ADDITIONAL PUMPING TEST DATA AVAILABLE AS HARD COPY:
( )Y ( )N MULTIPLE RATE DRAWDOWN PUMPING TEST
( )Y ( )N SINGLE RATE DRAWDOWN PUMPING TEST
( )Y ( )N MULTIPLE RATE DRAWDOWN /RECOVERY TEST
( )Y ( )N RECOVERY TEST

LOGS AVAILABLE; ( L - ) L DRILLER'S LOG ( )EL ELECTRIC LOG

HYDROLOGY DATA SOURCE: [r3*V3>S3£3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
HYDROLOGY FILE COMPLETED BY:___________________A?, ft , DATE AV f

^ _ , f$ cT A T I C W A T E R L E V E L F I L Err M *——————————-—--——-
DEPTH TO SWL_3£5__FT DATE_///<J^//^J DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/_ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE_/_/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE_/ /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE__/__/_

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE__/_/_

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/^ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______FT DATE / /

DEPTH TO SWL______FT DATE__/__/__ DEPTH TO SWL______ FT DATE / /

DEPTH TO SWL______FT DATE__/__/_ DEPTH TO SWL______FT DATE_/ /

rev:840427 form: well record hyd



L W E L L R E C O R D
0 cYu R~E~ "

ENTERED 0:
WELL NO u JtoJ« j -j-j^Jj i J J 1 1 1 STARTED .££M£X^p COMPLETED

ELEVATION [ ]7]gJ5l<g] FT DEPTH [ ] 3f r3 /3¥3 FT DEPTH MEASURED £_/H/;

DEPTH IS ( i^f^S^ED ( > ESTIMATED ( ) REPORTED WELL DIA. [ }&.]&}<$ IN

1 CASING DIA [ ]£].3^1*3 FROM[ 1 3 3^1<g§FT T0[ 3 34311M-3FT

2 CASING DIA JLLLJLLl ^0*^ 3 3 3 3 3FT TO[ 3 3 3 I ]FT MATL[ ] ] ]

3 CASING DIA [ ] ].] ] ] FROMt 3 I 3 I 3FT T0[ ] 3 3 3 3FT MATL[ ] ] ]

4 CASING DIA [ 3 3.3 3 ] FROMI 3 3 3 3 3FT TO[ 3 3 3 3 IFT MATL[ ] ] 3
casing matl codes brs=brass cop^copper evd=everdur Irn̂ iron mormnonel

pls=plastic stl=steel sst=stainless steel

1 CASING PERFORATED FROM [ 3 }3}&}C]TL T0[ I 3*fl/mjFT OPENING TYPE [p]

2 CASING PERFORATED FROM [ ] 3 ] 3 ]FT TOj 1 ] ] ] ]FT OPENING TYPE [_]_

3 CASING PERFORATED FROM { ] ] 3 3 3FT T0[ ] ] ] 3 ]FT OPENING TYPE [ ]

4 CASING PERFORATED FROM | ] ] 3 ] ]FT T0[ 3 3 3 3 ' 3FT OPENING TYPE fT

5 CASING PERFORATED FROM [ 3 3 3 3~3FT T0[ 3 3 3 3 3FT OPENING TYPE TT
opening codes: f=fractured rock, l=louvered or shutter-type screen,
m=inesb screen, p^perforated,porous,slotted casing, r=wire-wound screen
s=screen,type unknown, t=sand point, w=valled or shored, xsopen hole
r=other
DATE WELL TDRNFD OVER TO TRIBE: / /

FUNDED BY: \f\#\/V$\& I ] ] CONTRACTOR: [rK3/>glg3 3 3 3 3 1 3 1 3 3

SITE IMPROVEMENTS TYPE OF LIFT ENERGY SOURCE
WINDMILL ( >AL AIRLIFT ( )EM ELECTRIC MOTOR
WATERING POINT (v̂ rpS PISTOK ( )DE DIESEL ENGINE

MTTA TANK ( )TU TURBINE ( )HA HAND
( )WL WATER LINE ( )MT MULTIPLE ( )GS GAS ENGINE
( )TR TROUGH TURBINE ( )LP LP GAS ENGINE
( )CS CISTERN ( )CN CENTRIFUGAL ( )NG NATURAL GAS ENGINE
( )HP HAND PUMP ( )MC MULTIPLE (û TWM WINDMILL
( )NO NONE CENTRIFUGAL ( )SO SOLAR

( )BU BUCKET
( )SU SUBMERSIBLE

PUMP HP [ 3 1 3 3 ON SITE STORAGE CAPACITY [ 3^373^3^303 GAL

STRUCTURE DATA SOURCE: \T\/e\fV^£\ 3 3 3 3 3 1 3 3 3 3 3 3 3 3 3 3 3 3

STRUCTURE FILE COMPLETED BY: ____________________ M-Q- DATE Sof f
rev: 840426 form: well record str



1*0

T R I B A L W ELL R g JTO R D
c o M M E N"TS""F"I'L E

*3/l 1 n IT

PERTINENT
COMMENTS :

f
ENTERED OCT 1

rev:840430 form: well record com





30-AUQ-B9 12: 12 PM UNITED STATES TESTING COMPANY INC.
2800 GEORGE WASHINGTON WAY, HIGHLAND, WA

RADIOCHEMICAL ANALYSIS REPORT
Results reported on 890330

page 1

r

SAMPLE TYPE CUST*

«* Reported -> 890830

ISOTOPE RESULT
COUNT I NO OVERALL.
ERROR ERROR

ANALYSIS PERCENT SAMPLE ON U ——— ~ —
SIZE MOIST DATE TIME DATE TIME C GROUP UST*

WATER NMO294 ALPHA 112 * 1. 13E+00 PCI/L 2. 86E+00 2. 90E+OOC2S) 9. 60E-02 L 890710 1319 890710 1319 I 103 079 ISO

14 Records listed

NM0254 BACA/HAYSTACK COMMUNITY

-p,
R !

_/>••;,
Tl '

J'

o
v/

* Danotis • result less than the over* 11 error (nS) specifies the level of error, 1 sigma or 2 sig«a



IS ALPHA
> 6 pCi/l

iYES

MEASURE
Ra-226

I
IS Ra-226
> 3 pCi/l

1YES

MEASURE
. Ra-228

I
Is Ra-226

PLUS Ra-228
> 5 pCI/I

MEASURE
GROSS ALPHA

NO

NO

NO

NO

YES

NO

COMPLIANCE

IS ALPHA
pCi/l

IYES

MEASURE
RADON &
URANIUMI
Is ALPHA

MINUS
RADON &
URANIUM

ALPHA
> 15 pCi/l

NON-COMPLIANC

YES

Figure 9 Flow chart for gross alpha particle activity
monitoring (U.S. EPA, Las Vegas, Environmental
Monitoring and Support Laboratory). Note that
it is not a requirement that radon and uranium
be measured if the gross alpha activity is
greater than 15 pCi/l.

. 51
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POTENTIAL HAZARDOUS WASTE SITE IDENTIFICATION
R E G I O N SITE N U M B E R

HOTEt The initial identification of a potential site or incident should not be interpreted as a finding of illegal
activity or confirmation that an actual health or environmental threat exists. All identified sites will
be assessed under the EPA's Hazardous Waste Site Enforcement and Response System to determine if
• hazardous waste problem actually exists.

A. SITE NAME

Nanabah..VandsvAr TTran inm
a. STREET (or othtr i

ystank
TATE

M-t-n. iw
, CITY

Prewitt
O. STATE

MM
E. ZIP CODE

87045
F. COUNTY NAME

MfTCi n 1
I. OWNER/OPERATOR (it known)
LNAMC

Nanabah Vandever Heirs (31 total!
2. TELEPHONE NUMBCH

BIA 5Q5-7S6-6116
H. TYPE OF OWNERSHIP (It known)

GM. FEDERAL Q Z, STATE 3- COUNTY 4. MUNICIPAL Q.S. PRIVATE *. UNKNOWN

SITE DESCRIPTION

The Nanabah Vandever abandoned mine site is an open pit(?) on the south
side of Haystack Mountain, It occurs in an outcropping of Todilto lime-
stone. Waste from the pit was dumped over the side of the outcrop onto
the plain below. The waste piles are approximately 100 ft high. There is
no evidence of physical restraints, barriers, or warnings.

J. HOW IDENTIFIED (I.*.. citi**n't c

Navalo Superfund
>l*intt, OSHA cltitiont, »tc.) K. DATE IDENTIFIED

(mo., d*r» * ><r.)
Fall '89

L. SUMMARY OF POTENTIAL OR KNOWN PROBLEM

Potential' exposures of radioactive progenies Thorium, Radon, Radium,
Bismuth, and Polonium and toxic heavy metals Uranium, Vanadium, Lead,
Selenium, Arsenic, Barium, and Molybdenum to local residents via sur-
face and ground water leachate and air migration exist. The combined
effects of this site and adjacent sites are cause for concern and at-
tention. Scintillometer readings near the site were lOOmR/hr, compared
with a background of 6mR/hr, and 2.5X10 CPM of Bi which correlates to
approximately 2.5X10 Rn/cm .

Livestock were observed grazing at the base of the waste piles leading
to possible bioaccumulation of toxic elements in the animals and the
people who eat them.

M. PRCPARER INFORMATION
I. NAMK "*

Tom Morris

2. TKLCPMONC MUMKM

602-J

*. OATK (•».

/Q..Q

EPA*«t»20?0-*{5-*0>
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CONTACT REPORT

Meeting: ( ) Telephone: (X) Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P.O.B. 2946, Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Yolanda Barney, Data Manager, Navajo Natural Heritage Program

PHONE: 602-871-6472

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 6/5/90

SUBJECT: Threatened/Endangered Species, Haystack Mountain, NM

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

SEE ATTACHED:



THE NAVAJO NATIONLEONARD HASKIE 1 n C* l\i*-\V/-\ J V-T I >H"11 I V-f IM IRVING BILLY
INTERIM PRESIDENT INTERIM VICE PRESIDENT

NAVAJO NATION NAVAJO NATION

June 5, 1990

M E M O R A N D U M

TO : Data Manager
Navajo Fish and Wildlife

THROUGH: _
Clara Bia, Director
Navajo Superfund Office

FROM : IW___________
Tom Morris, Environmental Specialist
Navajo Superfund Office

^- s
SUBJECT: Threatened and endangered species in the Haystack

Mountain, New Mexico area

The Navajo Superfund Office is conducting preliminary assessments
on three abandoned uranium sites near Haystack Mountain, NM. Part
of the'assessment investigation deals with threatened or endangered
fauna or flora species within fifteen miles of the site. I would
appreciate any data you have pertaining to threatened or endangered
species in the Haystack area. Haystack Mountain is in sections 13
and 18 on the Bluewater Quad, New Mexico. Thank you for your time
and efforts.

AW Cf^^~-f ^
s*
C^-t^r^-is-- »

,^^.b}S>l\"^W
/ Poet Off ice Box 30J8 • Window Rock. Navajo Nation (Arlrona) 8651S • (602)871-4941



Leonard Haskie
Interim President
Navajo Nation

E NAVAJO NATI
Irving Billy

Interim Vice President
Navajo Nation

June 7f 1990

M E M O R A N D U M

TO : Tom Morris, Environmental Specialist
NavAjo Superfund Office

/ * jf *r

FROM : l/\
Yo
N

a Barney T'Dat a Manager
Natural Heritage; Program

SUBJECT: THREATENED AND ENDANGERED SPECIES; HAYSTACK, NM

A request of Threatened and Endangered species was made
to our office on June 5, 1990. Our staff of biologists reviewed
the project and below is a list of potential species of concern.

Black footed-ferrets fMustela nicrripes) and burrowing owls
(Athene cunicularia) should be considered anytime a prairie dog
town is encountered.

Rhizome fleabane (Erigeron rhizomatus) may be found near
the project site.

This report contains potential occurrences of species of
concern in the vicinity of a given project. It is based on exist-
ing information known to the Heritage Program at the current time.
It should not be regarded as a final statement on occurrences of
species of concern nor should it substitute for onsite surveys for
these species.

Post Office Box 308 • Window Rock, Navajo Nation (ARIZONA), • (602) S7I-4941
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Uncontrolled
Hazardous Waste Site
Ranking System

A Users Manual
(HW-10)

Originally Published in
the July 16,1982, Federal Register

United States
Environmental Protection
Agency

1984



TABLE 2

PERMEABILITY OF GEOLOGIC MATERIALS*

Type of Material
Approximate Range of Assigned
Hydraulic Conductivity_____Value

Clay, compact till, shale; unfractured
aetaaorphic and igneous rocks

Silt, loess, silty clays, silty
loaas, clay loams; less permeable
limestone, dolomites,' and sandstone;
moderately permeable till

Fine sand and silty'sand; sandy
loams; loamy sands; moderately
permeable limestone, dolomites, and
sandstone (no karst); moderately
fractured igneous and metemorphic
rocks, some coarse till

Gravel, sand; highly fractured
igneous and metamorphic rocks;
permeable basalt and lavas;
karst limestone and dolomite

<10~7 cm/sec

10~5 _ 10-7 cm/sec

O-3 - 10~5 cm/sec

>10~3 cm/sec

0

S^
1

\ 2.

*Derived from:

Davis, S. M., Porosity and Permeability of natural Materials in Flow-Through
Porous Media, R.J.M. DeWest ed., Academic Press, Hew York, 1969

Freeze, R.A. and J.A. Cherry, Groundwater, Prentice-Ball, Inc., Mew York, 1979

15
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v

TECHNICAL SUPPORT DEPARTMENT
Commission for Accelerating Navajo Development Opportunities

P. O. Box 663
Window Rock, Navajo Nation (AZ) 86515

602/871-6754

September 1988

©NAVAJO NATION, 1988. All Rights Reserved



SUMMARY OF 1980 CENSUS NAVAJO RESERVATION DATA
ON SELECTED SUBJECTS

MEMBERSHIP
96.7% of Indian persons on the reservation were enrolled members of the

Tribe.

LONG-TERM RESIDENCY
81.9% of Indian persons 1 year old and older on the reservation had always lived on

the reservation, never off-reservation.

MEDIAN AGE
18.7 Years

INCOME (Per Capita)
1970 Census 1980 Census
$776 $2,414

POVERTY STATUS (% Persons)
1970 Census 1980 Census
64.5 49.7

INCOME (Median Family)
1970 Census 1980 Census
$3,084 $9,079

POVERTY STATUS (% Families)
1970 Census 1980 Census
62.1 47.3

25.8% of Indian households on reservation received food stamps in 1979.
38.0% of Indian persons 15 & older received financial assistance in 1979.

FAMILY CHARACTERISTICS
5.14 Persons per family
73.9% of Indian families on the reservaton had 1 or more minor children,
40.5% had 1 or more children under 6 years of age.
24.3% of Indian families had female heads, with no husbands present.

EDUCATION
50.9% of those 5-19 years old were enrolled in school.
24.3% of those 16-19 years old were not enrolled and not HS graduates.
37.4% of those 25 years & older completed less than 5 years of school;
34.1% were high school graduates.

HEALTHCARE
83.6% of Indian persons received health care in previous year.
87.5% of these persons revceived health care at IHS facilities.
05.9% paid for their own care.
03,0% had private health insurance.
00.9% received medicaid or medicare benefits.
39.8% were able to get a health facility within 30 minutes.
28.4% required 30-60 minutes to reach a health care facility.
31.8% required more than 1 hour to reach a health care facility.

14
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? • I" »• FS î; 'kf* •" "lyf;-*a'-a£^S- a.-'aff- f:, ^ yi&fft, •*,.•:

s .̂:f-*j{<S.K swKvSi-vs:-«« ;>asi.". ̂ -iltî s-i -sj;/S«
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coordinates for centroid easting = 777775 meters northing » 3915441 mete-

search distance from centroid 63OO meters east
65OO meters north

65OO meters west
65OO meters south

window coordinates > minimum east minimum north maximum east maximum north
771475 3908941 784475 3921941

WELLNO

OO-3332
OO-334 1
16B-38/
16T-521

16T-551/
16T-552 /
16T-586/

EAST

780150
773644
779911
778415
782794
779489
774942
7786OO

NORTH

39O9728
3910762
3919037
391677O
3915615
3915538
3916262
391730O

DRILLED

I/ 1/57
ll/ 5/57
5/12/36

11/13/63
O/ O/ O
9/17/69

10/ 9/69
6/18/76

DEPTH SWL AQUIFER OPERATOR
ssKcssssssiSsssisssssssasBgtssBsaBt&sssssaisssssssssssa

725.
200.
357.
414.
27O.

1083.
1268.
2400.

u
0
0
0
0
0
O
0
0

04.
243.
60.

331.

O.
417.
362.
47.

U
7
4
0
0
O
0
0
O

etJlCHNl-
313SADG
231CHNL
221SMVR
221ENHD

231SNSL
231CHNL

BtKKYmi_l_
BERRYHILL
GIBBS
TRIBE O&M
TRIBE
TRIBE
TRIBE
TRIBE
TRIBE

o&n
O&M
O&M

O&M



'-'"WINDMILL .,_MAI£iTEN/

16T-521

LrtTE REPAIRED
8/19/69

8.18.69
9/12/69

- 3/17/70
3/19/70
6 1 » Jt 7 - ?¥

/£—/£ - *7 *5~

/A - a 2 - -?,-5~

WORK
Run in sucker rods &

DONE AND MATERIALS USED
made new stand pipe. Used 3/4-" x 420' sucker rods,

li" gate valve, li" x 4-" short nipple, 2" x 15' pipe.
Pulled rods
Checked windmill and chaneed oil.
Checked windmill, ok.
Releathered cups.
c###>&&* o/c

/?£'7nsf-t<t4> /^^tmsO ^fLfi^ '-PjL-ttX? jLffi^>t£' /^-V^S. sl^)£^ul4^**L — >^z£^Z^
Z/jLj. ^?-^5~/ £&-*$& sC^os Lii^z^.*
^xrrz^-K^ak £yfc .̂. ^U^^ryi£j fcts^L £t s3-£Zt-^Lip-*J J^

16T-521 Well equipped iwth 16' Aermotor windmill 27,900 gallon storage
1,000 gallon Ant̂  surplus storage tank elevated where people filled
their barrel with drinking water. The big tank is empty.



•«&%:

uses-MID
fan 01

16T-521
ANALYTICAL STATEMENT

Ariz. 6.16 53507 /I?
Loc«tio0 T_Q <jW x 10 *OS~

6 miles HE* of Prewitt

__J?::L,> Drilled
Omaii Navajo Tribe

Window Rock, Aria.
D.C. dru Nov. '63 c...,, M 414 lt
** 4-14' „_ 6 5/8"
w Entrada
««.n«.i 365 ft below surf.
SjMplad after pu«p log „ hr*

Tirfd 2 - 3OT { _ ^_r Mr)
^ o« -,i Well
^p..™.. Reddish
T^P f-»> D.. Dom. , Stock
co»«t.r Fred Zscach
v^n EFW

D...CO.I.,., Feb. 14, 1964
Ch.ck.d br tJU^i

Xgaitioa Los. _______ Color ________

DUcoIved Solid*:

*«l<h>. .c 1«0*C

C.lr,,l.r,H (Su.) 5O-L

HAroees. «z {̂ CO^ I?^-

X U O 7 US Ifc »B 7.9

Specific Conductiac.

fmicroJvom .t 25'C1 VJ-*-

D.« tc«,-itMd ''fer. 3, 1964 Provisional records.

•pm
Si02

Ft

Co 0,95
0.13 1

No
K

No + K

HCO,
C03

S04

Cl
F

8.86

6.82
0.00
2.58
0.42
0.11
0.01

3 9.94
subject to re

ppm
10

19
1.6

204

416
0

124

2.0
0.7

rision.

.1-



, . A...A. > >-.*•;#?£

»H-' ' .-'.. V^^—' i/ j^f'-5J'" n.'.{ <£7 "fe&^n i

^^^^-,^/'!ll - ?7

' V?^i......-^T• \V^Bg>^^r*^-V^=H^J5fc^>
••- -̂ -T^^aF^^^^^Sî Î ^^OT'rl7\ \'--, :̂ ^^^ds?^fe«»sxTtJ ,w\
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UPGRADIENT DRAINAGE CALCULATIONS

AX = L X W

= 818.2 ft X 1181.8 ft
= 966948.76 ft2 T 43,560 ft2/acre

A* =22.2 acres

A2 = L X W

= 181.8 ft X 363.6 ft
= 66102.48 ft2 -f 43,560 ft2/acre

A0 = 1.5 acres

1

Total Area = + A2 = 23.7 acres

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

kT. MORRIS JUNE r90
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15'

20 Statute Miles
= •=!
K ni-lers

PRELIMINARY AVERAGE ANNUAL LAKE EVAPORATION FOR
THE NAVAJO RESERVATION IN INCHES OF ¥ATER

ROBERT BECKER, 1985.

19

30

31

20

29

32

21

28

33

22

27

34

23

26

35

24

25

36

114'

TOWNSHIP OR RANGE LINE
LAND GRANT BOUNDARY
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Figure 25
ISOPLUVIALS OF J-YR 24-HR PRECIPITATION IN
TENTHS OF AN IttH

-HEW MEXICO
10 0 10 20 30 40

MILES
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30 X 60 MINUTE SERIES (WETLANDS)
107°00'

35°30'\

T !«,

^°, \ -"'* $ <-, • »t v
«, i"ir-» .*<. MBM

Grants
NEW MEXICO

1:100 000 — Scale Map of

National Wetlands
Inventory

• Wetland classifications
• Highways, roads and other

manmade structures
• Water features
• Geographic names

1984

Produced by the United States Fish and Wi
. Wetland classifications from 1:58,000 scale color infrarc
photographs taken 1981 and other source data.

Projection and 10,000 meter, zone 12
Universal Tran»vcr«c Mercntor
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* GEOLOGIC QUADRANGLE MAP
*BtUEWATER QUADRANGLE, NEW MEXICO

GQ-679

N A T I O N

D
0
lil

Ulcu

Contact
Dashed where approximately located or indefinite

90_

Fault
Showing dip, where measured, and amount of displace-

ment in feet, where measured. ~ indicates approxi-
mate displacement. Dashed where approximately
located; dotted where concealed; queried where posi-
tion or existence in doubt. U, upthrown side; D,
downtkrown side

§0

Collapse structure
Ring fault or series of concentric ring faults. Interior

strata are displaced downward

Strike and dip of beds
80

Inclined Vertical
Strike and dip of joints

-9000——-———

Structure contours
Drawn on base of Dakota Sandstone. Short dashed

where projected above ground surface. Contour
interval 100feet. Datum, is mean sea levt'.

c *
Uranium mines

W

Lower
part of J
Mancoe |
Shale

I

—————— *• * ——— - ——————— —— * Shale Sandstone''

———————— i Shale Sandstone''

———— - ——— "*• ————————— ' Shale Sandstonex

Kmc

Kma



107-5230-
35°2Z30- E X P L A N A T I

Talus and landslide
blocks

Alluvial deposits Dune sand

2ff

El Tintero cinder cone
Basaltic cinder and small amounts of ash, lapitli,

and bombs

Basalt flows from El Tintero
Data from drill holes indicate at least 3 separate flows.

aggregating 122 feet in thickness, are present in
southwestern part of quadrangle

Lower part of Mancos Shale
Gray sandy shale; top eroded; about 20 feet remaining

Dakota Sandstone
Pale-yellouiish-brown, moderate-orange, and light-gray

fine- and medium-grained sandstone; interbedded
lenticular dark-gray shale and coal beds near base.
50 to 100 feet thick

UNCONFORMITY

Morrison Formation
Jmb, Brushy Basin Member; grayish-green mudstone

with minor lenticular light- and yellowish-gray
fine- and medium-grained sandstone. 45 to 100 feet
thick

Jmw, West-water Canyon Member; light-, yellowish-,
and, reddish-gray fine- and medium-grained sand-
stone; minor light-greenish-gray lenticular mud-
stone. 125 to 185 feet thick
Jmwu, upper part (Poison Canyon sandstone of

economic usage), as much as SO feet thick, separated
from lower part (Jmwl) by mudstone tongues and
lenses as much as 25 feet thick, which have the
same characteristics as the Brushy Basin Member
(Jmb). Mudstone mapped with upper part

Cow Springs Sandstone
Moderate-orange-brown and pale-

pinkish-brown fine-grained cross-
bedded eolian sandstone. Wedges
out to east in north-central part
of quadrangle. 0 to 150 feet thick
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much an -fj jvvt t/ncti, icnictt. H u r t _i/n. _
as the Brushy Basin Member

mapped with upper part
(Jmwl), lower part; as much as 115 feet thick

Jmr, Recapture Member; interbedded variegated clay-
stone, pale-green, brown, red, and purple siltstone,
and white, pale-yellow, green, and brown sandstone.
125 to 245 feet thick. Lower part deposited against
wedge of Cow Springs Sandstone

Bluff Sandstone
White and pale-orange fine-grained crossbedded

110 to 125 feet thick

Summerville Formation
Interbedded variegated mudstone, siltstone, and fine-

to very fine-grained sandstone. About 175 feet thick

i Limestone
Pale-olive-gray, dark-olive-brown, and pale-yellow

limestone, thick bedded, mostly recrystallized in top
part, crinkly bedded in middle part, and platy
bedded at base. 25 to 35 feet thick

Entrada Sandstone
Jeu, upper sandy member; moderate-brown fine-

grained crossbedded sandstone. 135 to UOfeet thick
Jem, medial silty member ; grayish-red-brown cal-

careous siltstone. 45 to 50 feet thick

UNCONFORMITY

Wingate Sandstone
Moderate-brown to moderates-eddish -orange medium-

grained crossbedded sandstone. Base not exposed.
About 120 feet thick

Chinle Formation
"Sou, upper member; dark-purplish-red and pale-

bluish-gray limy siltstone interbedded with olive-
gray to dark-greenish-gray silty limestone in upper
180 feet; reddish-brown even-bedded siltstone in lower
150 feet. Total thickness 330 feet

'fccc, Correo Sandstone Member; pale-grayish-red, fine-
grained crossbedded arkosic sandstone and minor
interbedded gray to pale-brown pebble conglomerate.
About 75 feet thick

"ficm, middle member; reddish-brown even-bedded silt-
stone. About 400 feet thick

"fics, Sonsela Sandstone Bed of Petrified Forest Member;
white, pale-yellowish-brown, yellow, and brown con-
glomeratic sandstone interbedded with white, blue.
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Wff brown cta-yntottv. tft-icfc.
'Rcl, looter member; variegated clayey and sandy silt-

stone interbedded with lenticular white, yellow,
purple, and brown crossbedded conglomeratic sand-
stone. About 300 feet thick

UNCONFORMI TY

Moenkopi Formation
Pale-reddish-brown and grayish-red arkosic and •mica-

ceous sandstone interbedded with lenticular pebble
conglomerate and layers of mudstone galls; cross-
bedded near top, even-bedded near base. About 26
feet thick

UNCONFORMI TY

San Andres Limestone
Grayish-yellow and brown to red dense limestone in-

terbedded with yellow fine- to medium-grained cross-
bedded to structureless sandstone in upper part, 80
feet thick; yellow sandstone similar to that above in
middle part, 15 feet thick; dense gray limestone with
streaks and zones of coarse-grained calcite in lower
part, 20feet thick. Upper surface karst. Total thick-
ness 115 feet
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stone; minor light-greemsn-gray lenncuiar muu-
stone. 1-25 to US feet thick
Jmwu, upper part (Poison Canyon sandstone of

s ftp feet thick, sevarated _
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DEPOSITS IN IGNEOUS AND DEPOSITS IN SANDSTONE (DEPOSITS IN OTHER DEPOSITS OF
CLASS

METAMORPHIC ROCKS VOLCANIC ROCKS DEPOSITS i SEDIMENTARY ROCKS UNCERTAIN ORIGINJ
PRODUCTION CATEGORY *

t

OCCURRENCE, NO PRODUCTION X A D O 0

UP TO 20,000 POUNDS UjOg ^ A B O A

yo.000-200,000 POUNDS U308 0 H

200.OOO- 2 MILLION POUNDS UjOg B

2 MILLION-20 MILLION POUNDS UX0A •

GREATER THAN 20 MILLION POUNDS
U3°8
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I

.J Uranium and Thorium Production in New Mexico

„ Uranium production in New Mexico has surpassed yearly

production from all other states since 1956 (U.S. Department of

Energy, Statistical data of the uranium industry, 1969 to 1982).
-»—i

Over 200 mines (Appendix 3) in New Mexico have produced 162,010

tons (146,973 metric tons) of U3o8 from 1948 to 1982, 40% of the

j total United States uranium product (Table 3). Over 99% of this

-i production has come from sedimentary deposits in the Grants

uranium district in northwestern New Mexico. Uranium production

^ also has come from sandstone, vein-type, hydrothermal-vein, and
at

pegmatite deposits scattered throughout the state (Fig. 1).
~!
j From 1948 through 1970, the U.S. Atomic Energy Commission

-, purchased most of the uranium ore produced in New Mexico,

although minor amounts of ore may have been sold to chemical

1 companies. Production statistics for individual mines from 1948

through 1970 have been released to the public; these production

J figures are tabulated in Appendix 3 (Table 3-1). Yearly

_ production figures have been compiled by the U.S. Atomic Energy

Commission (AEC) and succeeding agencies, the U.S. Energy

"I Research and Development Administration (ERDA) and the U.S.
w

Department of Energy (DOE); they are tabulated in Table 3.
-1

Production by area and host rock is given in Table 4.j

17
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juan Basin; Monte Largo Hillŝ  Bernalillo "County; Lincoln County;

Burro Mountains( Grant County; Rio Grande area, Socorro and

Sierra Counties; and Cornudas Mountains, Otero County (Fig. 5). No

thorium has been produced in New Mexico except possibly as a by-

product of production from pegmatites.

Over 1,300 uranium and thorium occurrences are individually

described in Appendix 1 and located in Figure 1 and various

county maps (Figs. 1-5 to 1-33). Uranium prospects, deposits,

and mines in the Grants uranium district are located on 30- by

60-minute maps (Figs. 6-9) and additional district maps are

included (Figs. 11-13). Uranium occurrences in areas outside of

the Grants uranium district are plotted on additional maps as

indicated.

Limestone Deposits in the Jurassic Todilto Limestone

and Adjacent Units

Over 100 uranium occurrences are found in the Jurassic

Todilto Limestone (Appendix 1), 42 of which have produced ore

(Appendix 3). Over 6,736,000 pounds (3,055,000 kilograms) of

uranium have been produced from the Todilto Limestone and

adjacent units from 1950 to 1982, about 2% of the total uranium

production in New Mexico (Table 4). The majority of these

occurrences are in the Grants uranium district, although minor

occurrences are found in the Chama Basin-Llaves area in Rio

Arriba County, Nacimiento Mountains in Sandoval County, and the

Sanostee subdistrict of the Shiprock district in San Juan County.

Two occurrences, Reed Henderson fl in the Sanostee subdistrict
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and Box Canyon in the Chama Basin (Appendix 3), have produced

minor quantities of uranium ore in the 1950's. Although the

bulk of this mineralization occurs in the Todilto Limestone,

., minor mineralization occurs also in the basal portion of the
- overlying Summerville Formation and at the top of the underlying

1 Entrada Sandstone (Fig. 10).
!

The initial discovery of uranium mineralization in the

J Grants uranium district was in 1950 by Paddy Martinez in the

Todilto Limestone. Uranium minerals were known to occur in the

-* Todilto Limestone since the early 1920's (Melancon, 1963) and in

1 1948 (C. T. Smith, 1954), but their significance was not realized
J

until Paddy Martinez's discovery. Paddy Martinez discovered

J tyuyamunite at what is now known as the Haystack-Section 19 mine.

The Todilto Limestone consists of two informal units, a

-I basal limestone and an upper gypsum-anhydrite member. The basal

1 limestone is 5-30 ft (1 to 9 m) thick and present everywhere in

the Todilto depositional basin. This unit consists of three

zones, a basal platy or laminated rone, a crinkly or crenelated

zone, and an upper massive zone. The overlying gypsum-anhydrite

J member reaches a maximum thickness of 170 ft (32 m) and is

1 present in the central portions of the Todilto basin. The

gypsum-anhydrite member is locally mined and constitutes much of

I the gypsum and anhydrite resources in New Mexico (G. S. Austin

and others, 1982). The gypsum-anhydrite member is present in the

J Laguna area, but is absent elsewhere in the Grants uranium

1 district. However, this unit is penetrated by drill holes about
J

8 mi (13 km) north of the Poison Canyon area (Hilpert, 1969, p.

J 95).
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The Todilto Limestone is deposited in a basin which occupies

an area of about 34,000 mi2 (88,060 km2) in the San Juan Basin

It is equivalent in age with the Pony Express Limestone Member of

the Wanakah Formation in Colorado and the Curtis Formation in

Utah (Green, 1982).

The actual depositional environment of the Todilto Limestone

is controversial. The Todilto Limestone overlies the Entrada

Sandstone, which consists of eolian dune and inland interdune

1 sequences; fluvial units are absent. The overlying Summerville

Formation consists of eolian dune and fluvial sabkha sequences.

It is uncertain whether the origin of the Todilto Limestone was

marine or a nonmarine. The presence of the gypsum-anhydrite

member and correlation with marine limestones of the Curtis

1 Formation suggest a marine origin, an erabayment or lagoon (Hines,

1976; -B. L. Perry, 1963). However, the lack of confirmed marine

_j fossils (Hines, 1976) and of dolomitic sequences (Green, 1982),

the presence of varved sequences (R. Y. Anderson and Kirkland,

-* 1960, 1966), and the coastal-continental environments of the

~| Entrada Sandstone and Summerville Formations favor a lacustrine

origin, a coastal sabkha environment (Rawson, 1980a, b), an

._] enclosed saline lake, or a brackish-water lake connected to the

_ sea (R. Y. Anderson and Kirkland, 1960). Recent isotopic

evidence supports a marine origin (Ridgley and Goldhaber, 1983).

~| Uranium mineralization is found only where the gypsum member

is absent (Hilpert, 1969), and the mineralization may extend into

J the overlying Summerville Formation or underlying Entrada

Sandstone. The majority of the Todilto Limestone deposits are
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r 1
1 found along outcrops of the Todilto Limestone in the Poison

( Canyon and Thoreau areas, although mineralized drill holes in the

J Todilto Limestone also occur in the Ambrosia Lake area (Young,

I960, p. 270; Irving Rapaport, Four Corners Exploration Company,

* written commun., 11/11/82; Harlen Holen, U.S. DOE, written

I commun., 1983). Uranium deposits are tabular and irregular in

shape, similar to sandstone deposits. They range in size from a

J few feet to 100's of feet wide and long and up to 20 ft (16 m)

thick. Three types of mineralization are found; unoxidized

• •* primary deposits, oxidized primary deposits, and secondary

I deposits (Gabelman, 1970). Most of the limestone deposits occur
- J

along the flanks or axes of intraformational folds, unlike

J sandstone deposits. Locally, the limestone deposits appear to

align in trends subparallel to the sandstone deposits (Fig. 11).

•* Uranium mineralization occurs throughout the entire thickness of

~1 the Todilto Limestone. The largest ore bodies occur where the

intraformational folds are clustered and have a similar trend

j (Hilpert, 1969). Pb/U apparent age dates suggest that primary

mineralization occurred during or just after deposition of the

' Todilto Limestone (Berglof, 1969; D. S. Miller and Kulp, 1963).

~| The origin of the ore-controlling intraformational folds

is controversial (Hines, 1976; Hilpert, 1969). These folds are

I restricted to the Todilto Limestone and to the basal portion of

the Summerville Formation; overlying beds are flat-lying. The

•* folds vary in size and shape. They tend to cluster in east-west

"1 or north-south trends. Open and closed anticlines (Fig. 14),

recumbent folds, and chevron folds (Fig. 15) are common. Their

J axes show little, if any, relationship to regional structure.
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J
Figure 14 - Intraformational fold in the Todilto Limestone at the

Haystack open pit. This fold may have resulted from
algal structures. Uranium mineralization is
disseminated within the limestone and along the
fractures and bedding planes.

]

]

]

]

J
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Rapaport and others (1952a, b) and Hilpert and Moench (1960)
1 attribute these folds to soft sediment slumping or creeping down a

depositional slope or the flanks of anticlines. Gabelman (1956b)

attributes the folds to volumetric changes due to dehydration and

diagenesiSo B. L. Perry (1963) suggests that the folds are a

-J result of differential loading and compaction near subsiding reef

-l or biohermal structures. Parasitic or drag folds on tectonic

features may have produced the intraformational folds (Hines,

1976). However, none of these theories is consistent with all

of the field observations (Hines, 1975; Green, 1982).
1

A theory proposed by Rawson (1980a, b) and Green (1982) and

-i modified by the author is consistent with many of the field

observations, but certainly is not the only viable theory

j possible. The Todilto Limestone was deposited in an arid

climate, in an enclosed saline or brackish-water lake; the exact

J setting of the Todilto basin is not critical to this model.

-i Periodic drying of the lake enabled deposition of the gypsum

member. Simultaneously, Summerville dunes slowly migrated over

j Todilto limey muds and algal mats, compacting and warping the

Todilto beds, thereby forming the intraformational folds.

j Continued migration of Summerville dunes locally continued to

-j deform the underlying Todilto muds; forming convolute

laminations, mounds, rolls, folds, and anticlines and synclines

(Green, 1982). The presence of a depositional slope basinwards
i

enhanced migration of the Summerville dunes and deformation of

the underlying Todilto beds. Hydraulic and evaporative pumping

of uraniferous groundwater in the underlying permeable Entrada
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Figure 15 - Chevron fold in the Todilto Limestone at the Section
25 open pit. Height of pit wall is approximately 12
ft (3m).

"J
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4 Sandstone brought the uraniferous waters into the organic-rich

layers of the Todilto mud. The intraformational folds acted as a
J

structural trap for uranium-bearing waters. The Todilto mud
i
j would be permeable only until the muds dried, therefore this

hydraulic pumping occurred in a relatively short period of time.

-•• However, as the deformed muds dried and turned into impermeable

1 limestones, they fractured and faulted where folded. These

fractures provided the permeability required for additional

j hydraulic and evaporative pumping to continue after diagenesis.

The hydraulic and evaporative pumping could not occur where the

"" gypsum member was deposited, since the gypsum acted as a cap.

I Subsequent oxidation and remobilization of primary uranium

deposits occurred possibly during Tertiary times, as suggested by

J Saucier (1980).

Additional uranium deposits are likely to occur in the

J Todilto Limestone in the Grants uranium district (Green and

-j others, 1980b, c; U.S. Department of Energy, 1980). These

undiscovered deposits probably will be similar in size and shape

J to the known Todilto deposits. Numerous holes beyond 1,000 ft

(305 m) depths have been drilled in the Ambrosia Lake area. A

-1 surprising number of these deep drill holes indicates

~] mineralization in the Todilto Limestone. Additional work is

needed to refine the model of Green (1982) and Rawson (1980a, b)

1 and to adequately delineate the margins of the Todilto basin and

the extent of the Summerville dunes.

J Outside of the Grants uranium district, economic ore

-i deposits in the Todilto Limestone are scarce (Appendix 1).
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I mine, about 900-1,000 ft (244-305 m) at San Antonio Valley, about

2,100 ft (640 m) at Marquez, and about 1,000-2,500 ft (305-732 m)

I at Bernabe Montafio. Preliminary studies indicate that most of

-j the mineralization is primary tabular ore and occurs in multiple

horizons (S. C. Moore and Lavery, 1980; B. A. Livingston, Jr.,

] 1980; Kozusko and Saucier, 1980).

At Marquez, ore is controlled by shale breaks, high

j permeability, and recurrence of meandering streams. Where the

1 shale beds are absent, uranium mineralization is dispersed

throughout the sandstone and is subeconomic. Mineralized

1 sandstones tend to be permeable; however, excessively permeable

sandstones allow mineralization to be redistributed elsewhere,

j Mudstone pebbles restrict the permeability and concentrate

uranium mineralization. Uranium mineralization appears to be

^ restricted to meandering channels within the dominantly braided-

1 stream complex (B. A. Livingston, Jr., 1980). Actual development

and mining of these deposits will add to our knowledge of

j irineralization in this area.

A few minor occurrences are found in the Jackpile sandstone

•* and the Brushy Basin Member near the Rio Puerco mine (Fig. 6).

1 Two minor occurrences are found in Cretaceous coal beds south of

the Bernabe MontaKo area (Fig. 1). Two beach-placer sandstone

J deposits occur in the Bernabe MontaKo area and will be discussed

separately.

Ambrosia Lake Subdistrict

J Over 200 uranium occurrences are found in the Ambrosia Lake

» subdistrict in the Todilto Limestone, Morrison Formation and

1 48



Cretaceous sediments (Figs. 7, 8, 11; Appendix 1). Over half of

these occurrences are in the Morrisbn Formation, mostly in the

Westwater Canyon member and the Poison Canyon sandstone. More

than 50 of these occurrences have produced uranium since the

*"• -' initial sandstone discovery in Poison Canyon in 1951 (Appendix

3). The Blue Peak mine was the first underground uranium mine in
•*• ->

the Grants district. The Ambrosia Lake-Mt. Taylor trend (Fig.

^ j 11) is the largest mineralized area in the Grants district and

accounts for substantial portion of the reserves and potential

resources in New Mexico (McLemore, 1981; U.S. Department of

Energy, 1980). Production from this district has exceeded 77,000

tons (69,500 metric tons) of U3O8 (Holen and Fitch, 1982). One

I of these deposits, Gulf's Mt. Taylor, contains more than 100

• million pounds (45,000 metric tons) of U3O8 (Cheney* 1981?

" ' Jackson, 1977). More than 326,000 tons (296,000 metric tons) of

1 U3O8 at an average grade of 0.10% U3O8 is estimated to occur in

the Ambrosia Lake-Mt. Taylor trend (Holen and Fitch, 1982).

I The Morrison Formation in this area is approximately 600-700

ft (183-213 m) thick, about the same thickness as in the Laguna

' subdistrict. However, the Westwater Canyon and the Recapture

1 Members are thicker in the Ambrosia Lake area than at Laguna.

The Jackpile sandstone is absent in the Ambrosia Lake area. The

I Westwater Canyon Member and the Poison Canyon sandstone are the

principle sandstone hosts for mineralization in the Ambrosia Lake

* subdistrict. The Westwater Canyon Member consists of three or

1 more thick-bedded, coarse-grained, arkosic sandstones separated

by thin beds of shale and siltstone (Hilpert, 1969). The Poison

I Canyon sandstone is the basal sandstone of the Brushy Basin
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Member and consists of arkosic sandstone similar in appearance

and composition to the Westwater Canyon sandstones.

Mineralization ranges in depth from the surface at Poison Canyon

to 700 to 900 feet (213-274 meters) at Ambrosia Lake, to 3,300

feet (1,060 meters) at Mt. Taylor.

Uranium mineralization occurs as primary-tabular and

redistributed ore bodies. Primary-tabular ore bodies are typical

of the occurrences elsewhere in the district. This mineralization

] is not directly controlled by faults, fractures, or folds;

however, they tend to subparallel depositional features such as

J channel configuration, cross-stratification, and intraformational

-I disconformities. These ore deposits occur as groups of lenses or

pods and may split and occupy several stratigraphic horizons.

I The ore trends are well developed in the Ambrosia Lake-Mt. Taylor

area (Fig. 11).

J . Redistributed ore bodies are geochemical cell-controlled and

1 in places localized along fractures and faults. Multiple

horizons of "stacked" ore along Laramide faults may attain a

I thickness of over 100 ft (30 m). These ore bodies are closely

associated with primary tabular ore bodies and grade into them

J (Hilpert, 1969). Fracture-controlled redistributed-ore occurs in

*i the western portion of Ambrosia Lake (Granger and others, 1961)

and at Poison Canyon mine (Tessendorf, 1980). At the Poison

I Canyon mine, remnants of ore around fossil logs in limonitic

sandstones occurs updip from fracture-controlled ore (Tossendorf,

J 1980).

Geochemical cell-controlled, redistributed ore is found in
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1 the Ambrosia Lake area, but may be difficult to distinguish from
r J

primary tabular ore. Alteration patterns suggest redistribution

._ j and remobilization of primary tabular ore at the Sandstone mine

, (Foster, J. F. and Quintanar, 1980). Small roll-type deposits

occur at the Johnny M mine (Falkowski, 1980a, b). Relicit or

1 remnant mineralization occurs in section 28, T. 14 N., R. 10 W.

(D. A. Smith, and Peterson, 1980) section 23, T. 14 N., R. 10 W.

,. J (Harlen Holen, pers. commun., 1983) and at Poison Canyon mine

(Tessendorf, 1980).

•* The Johnny M mine is one of several deposits in the Grants

I uranium district where ore occurs in both the Poison Canyon

sandstone and the Westwater Canyon Member (Falkowski, 1980a, b).

J Primary-tabular and roll-type ore occur in the Westwater Canyon

Member where organic debris is abundant. Uranium mineralization

' •* commonly occurs around fossil logs and debris accumulations and

1 shows the direction of the groundwater flow (Falkowski, 1980a,
r «J

b).. Mineralization in the overlying Poison Canyon sandstone is

more massive and lower in grade than ore in the Westwater Oauyon
r J

i Member. Organic debris and fossil logs are not common in the

i •* ' Poison Canyon sandstone, and no roll-type deposits have been

' "1 delineated.

The most recent exploration activity in the Ambrosia Lake

subdistrict is at La Jara Mesa (12N.9W.12.300, Appendix 1) where
I
I Midas has discovered a small- to medium-sized ore body in the

, J Poison Canyon sandstone at about 600 ft (183 m) depth. This ore

"| body is probably an extension of the Taffy mine (12N.9W.11.334,
, J 4 I •*

Appendix 1). Homestake is studyng the feasibility of mining this

1 ore body. Recent reports indicate there is a potential for 10
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million Ibs (4*5 million kg) of uranium on the property (New

Mexico Uranium Newsletter, August 1983)*

Uranium occurrences are found in the basal Recapture Member

(Appendix 1); however, none of these deposits have yielded any

ore. The extent of these occurrences is not known, although

Kerndamex found good, high-grade ore northwest of San Mateo

(Harlen Holen, pers. commun., 1983). Small to medium ore

deposits are found in the Todilto Limestone, as previously

discussed. Although, exact quantities of reserves in the

Morrison Formation and Todilto Limestone in this subdistrict are

J not available due to proprietary information, they are

substantial and mining will continue, providing economic

-• conditions improve. The majority of the potential uranium

1 resources are estimated to occur in the Westwater Canyon Member,

but pptential resources are also thought to occur in the

J Recapture Member, the Todilto Limestone, and Cretaceous Dakota

Sandstone (U.S. Department of Energy, 1980).

Smith Lake subdistrict

J The Smith Lake subdistrict is southwest of Crownpoint and

-i north of Thoreau in McKinley County (Fig. 4). Eight mines in

this area have produced ore in the past; they are Mariano Lake,

~| Black Jack No. 2, Mac No. 2, Ruby No. 1, 2, and 3, and Black Jack

No. 1 (Fig. 13). Two additional ore bodies occur in the area,

J Phillip's section 20 and Western Nuclear's Ruby No. 4 (Fig. 13).

-. Development of the Ruby No. 4 ore body has begun and production

"* will start upon reopening of the Ruby No. 3 decline.

"1 Only one mine, the Black Jack No. 1, and several mineralized
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Appendix 3 - Uranium production of individual mines in New Mexico
~ «_; .-,r, :>: •y. -1*.

Uranium production from ore deposits in New Mexico was

compiled by the U.S. Atomic Energy Commission (AEC) and

succeeding agencies the U.S. Energy Research and Development

Administration (ERDA) and the U.S. Department of Energy (DOE).

Production statistics for individual mines that operated from

1948 to 1970 have been released and are tabulated in Table 3-1.

These are the best records available. Production statistics for

individual mines that operated from 1971 to present are

confidential; however, these producing mines have been grouped

into production classes in Table 3-2.

The occurrence number refers to the number, based on its

location, given in appendix 1. The type of deposit refers to the

NURE classification as modified for this report (see

Introduction). The Host Rock symbols are defined as follows: pS-

Precambrian, C-Cambrian sediments, Em-Pennsylvanian Madera

Limestone, Pma-Magdalena Group, Ps-Permian Sangre de Cristo

Formation, Pa-Abo Formation, Pc-Cutler Formation, Psa-San Andres

Limestone, "Re -Triassic Chinle Formation, \Jt-Jurassic Todilto

"Limestone, Je-Entrada Sandstone, Jm-Morrison Formation, Jmsw-Salt

Wash Member, Jmr-Recapture Member, Jmw-Westwater Canyon Member,

Jmp-Poison Canyon sandstone, Jmb-Brushy Basin Member, Jmbj-

Jackpile sandstone, Kd-Cretaceous Dakota Sandstone, Ku-U-bar

Formation, Kp-Point Lookout Sandstone, Kc-Crevasse Canyon

Formation, Tb-Tertiary Baca Formation, To-Ojo Alamo Sandstone,

Tp-Popotosa Formation, Ts-Santa Fe Group, Te-Espinosa Formation,

Tv-Tertiary volcanic rocks, and Ti-Tertiary intrusive rocks.
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Nuiber Mine Ken* Ton*

13H.9W.20.32l Heea Top Mine 108,

Ore

261

13N.10W.4.244 Pat - Section 4 5,069
(Dakota Mine)

13W.9W. 19.420 1Poi*on Canyon 217,

14M.11W.28.113 Bed Cap Group
(T Group)

13N.10W.16.134 Red Point Lode
14K.11W.20.144 Red Top Mine*

14H.9W.34.424 13andatone 1,034,

13N.9W. 1.200 18action 1 (13N-9W) 148,
mined through Clif fiide

15N.16W.3.332 Section 3 (15N-16W)
Santa Fe-Chri*tensen
Rate Meet Mine

13N.10H.5.144 Section 5 (13H-10W)
13N.9W.8.U4 Section 8 {13K-9W) 47,

Spencer Shaft

14S.10W.10.244 1Section 10 (14N-10W) 130.

14N.1BW.12.411 1Section 12 (14N-10W) 74,

066

195

482
165

255

066

324

23
808

767

975

Pound* ITjOg

512,965

12,645

1,004,574

497

1,223
390

3,540,829

1,699,137

1,836

54
165,319

510,935

211,873

MJjCg Pound* VjOg

•.24 144,610

0.12 2,478

0.23 338,094

0.13 951

0.13 746
0.12 1,287

0.17 —

0.57 —

0.28 404

0.12 —
0.17 —

0.20 —

0.14 —

*V2°5 typ* of Depoelt

— eandetone

— •andetone

— eandetone

0.24 limestone

0.07 liiieetana
0.39 liroetone

— eandetona

— *and*bom

— •andctone
(coal)

— •andetone
— *and*tone

— eandetone

— eandetone

Hoet Itadc

Jmp

Jftw.Kd

•
Jnp

Jt

Jt
Jt

Jsw

JSW

W

Kd

Jnw

Jnw

Ferlode of Production/
Shiver

1954-1957 - Lea Exploration
1957-ftaUy Mineral* and Lea

1952-1959 - Dakota Mining
Co.; 1962-1963-Farri*
Mine*, Inc.

1952-1959 - Bay*ta<* Mountalr
Developmnt Corp.i 1960-
1962-Farrie Hinee Inc.

1952-1953 - Mavajo Develop-
ment Co.» 1953-Fitrhugh t,
Doerrie

1952-1955 - N.M. Shaw
1955 - Red Tt)p Uranlm
Mining Co,

1959-1963 - Fhillip*
PetroletK Co. t 1963-1978-
United Nuclear Corp.

1967 - Kerr-«cGeei 1969-1970-
Kerr-ffoOee arc) Nation Lead

1957 - Chrieteneen and Ran
Uranium Co.» 1957-1958-Re*
Ureniun Co.

1958 - Heetvaco /
195S-1960 - United Hteternt
1961-fiyde and Caeperi 1964-
1966-W.D. Trlfpi 1966-1967-
Jame J. Ooode

1957-1962 - Karmao NucUar;

1961 - Andercon Developnant
f^.^ _ . la^^^^&c^.e^.llm

14S.18W.15.441 1S«ctlon 15 1,213,814 3,625,924 0.15

14H.9W.17.323 *Section 17 (14M-9W) 544,164 2,315,182 «.21

^98,175—— 0.1918 {13H-10H}--25,796
(Irrilan Allotront)

148.9W.18.400 Jsection 18 (14M-9W) 501,946
mined through Sec, 17

14u.9W.20.U4 iSection 20 (14H.9W) 486,375
•lined throusfi Sec. 17

14N.10W.22.223 1Secticn 22 2,189,051
(14H-10W) heap leach —

14H.19W.23.134 1Sectlon 23 2.528,797
(14S-10W)

13H.1W.23.444 Section 23 (13S-10W) 21.826

13H.9W.24.121 Section 24 (13S-9W) 10.950
Chill Hill*, Rialto
(Section 13)

13H.llH.24.222*>8ection 24 (13M-UW)— 24.638.
lirfian Allotnant Jto

t Hana-A-Bah Vandever

— — *and*tbne

— — *andftone

75,342 0.30 liraeboo*

Jnw

Jnw

Jt

14H.10W.24.332 lSectlon 24 1,904,582

, Heap loach —
13W.10W.25. 411 1Sectlon 25 (13SJ-10W) 235,156

1,586,447

2,223,977

11,605,672
38,105

9,679,773

138,541

37,693

—' 115,

7,071,564

579
958,058

0.16

0.23

0.18

0.19

0.32

•.17

0.22 •

0.19

0.20

— — *and*tone

— — •andetone

— — landetcna

— —• aandetone

10,256 8.06 limetone

— — eandetone

- 85,545 «.18 liweton*

— — *andetone

153,657 0.12 linestone

Jnw

Jitw

Jkw

Jnw

Jt

'Jt

Jnvr

Jt

XW.10K.2S.144 1Section 25
{14H-10W)

1,791,048 6,444,889 0,18

•13N.iaw.26.221~.1Sectloo 26 (13M-10W)— 11,110-
. Daeidaro Croup

14H.10W.26.220 ^Section 26 (UN-10W) 362,110

^~ 83,752 •—— 0.38

1,198,696 0.17

— — candctone

17,518 •- 0.08 -. limetone

— — candetone

JKW

Jt

AIM

Dyiart
1958-1961 - HcxMitake-Sapim
1961-1965-Rio and Hame-
et̂ e-Sapin> 1966-1969-
Honu*t«k*-Sapini 1969-1970-
Untted ^ele«r-flcxre*Uke

1960-1964 - Kcnme Huclear
Corp.! J965-1970-Kerr-«a3ee

1952 - Sutton, TVmpeon,
HilHwtej 1953-Mni«ni
1955-Sanba Fe UraniuM 1955-
1956-Sant* F* Urvtiu* and
Federal Uranium 1957-1959-
Federel Uraniusj 1963-1964-
Meea Mining Co.t 1966-CiboU
Mining Co.

1962-1964 - Kenrnc Mucleari
1965-1978-Kerr-Mcdee

1962 - Kerr-HcOee

1958-1964 - Kenmc Huclearj
l»6S-1970H«err-MaOee

1959-1968 - Hcwwetake-Sapint
1969-197»-lfc»metJd(e-Unlted
Nuclear

1957-1965 - Hayetadc Mountain
Development Corp.i 196S-
1966-Sente Fe Pacific
1968-1963 - Feboo Mine*, Inc.

'1952-1954 - 01<w Will la™ 1
lB55-1956-Sanfca Fe Uranimi
1955-Federal thraniiM Corp.
Cant* F* Uranium 1*56-1957-
Federal Uraniiw Corp.

1959-1964 - Keirr-McCee
Mucleari l%5-197«-Kerr-

1952 - A T a«J SF SSj 1955-
1961-Hayctadt Hcuntain De-
velopmnt Corp.r 1962-1963-
Santa Fe Paciffici 19«-
Farrie Minee, Inc.} 1963-
1965-Santa Fe Pacifier 1965-
1966-Ferrl* MJ.nee, Inc.}
1968-HcraB*taX«| 1969-1970-
Unlted Nuclear Corp.

1959-1969 - ftanaetafce-Saplm
1969-19?0-tlam*Uk*-United
Huclear

- 1952-1957 - IJanoeh Mine*

1965-1970 - Kerr-McSee
through

Section 24
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included; for some occurrences this information is company

- confidential or very extensive. For-other occurrences, very
1 little information could be obtained. Each description consists

of sixteen entries or less (depending upon available information)
i
: keyed by number and contains the information described below.

ft Occurrence number or map number refers to the location or

-"* approximate location of each occurrence, prospect,

1 deposit or mine. The numbering system used is based

upon the township, range, and section land-grid system

J (fig. 1-3) and is used by the New Mexico State Engineer

for numbering water wells and springs. In this system,

-I each occurrence has a unique location number consisting

"I of four parts separated by periods (i.e. 5N.10W.24.213).

The first part refers to the township, the second part to

the range, and the third part to the section. The fourth

part locates the occurrence to the nearest quarter-

J quarter-quarter section block as indicated in figure 1-3.

T An occurrence designated 5N.10W.24.213 is located in the

SWl/4,NWl/4,NEl/4 of section 24, T. 5 N., R. 10 W. Some

, occurrences are only located to the nearest section.

quarter-section, or quarter-quarter section because thei
J occurrence cannot be more accurately located or the

T occurrence extends over the entire given area. In

~J unsurveyed areas, the locations are approximated by

projecting section lines.
_j

$2: The name of the occurrence, prospect, deposit, or mine as
1
J found in the literature is given. Aliases are givenJin

parenthesis. Earlier reports have misidentified some of
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these properties; these incorrect names are listed as

aliases. Unnamed or unknown properties have no other

identification.

. 8: The location of the occurrence, prospect, deposit, or

mine is given by the section, township, and range (land-

] grid system) and by latitude and longitude. Areas not

surveyed according to the land-grid system are indicated

by the word "unsurveyed"; section lines are then

projected. If there is any uncertainty with respect to

the location, the latitude and longitude is approximated

or is omitted entirely and the word "approximate" may be

used. The locations are verified from the literature and

those examined by the author and by Orin J. Anderson are

exact.

4s J"he name of the 7-1/2- or 15-minute topographical

quadrangle map on which the occurrence is located and the

elevation are given.

5: Mining district̂ (as defined by File and Northrop, 1966)

or geographical area is given.

6s Commodities^ present at the locality (including U-uranium,

Th-thorium, V-vanadium, Cu-copper, Mo-molybdenum, Se-

selenium, Pb-lead, Zn-zinc, Ag-silver, Au-gold, REE-rare-

earth elements, Mn-manganese, Ti-titanium, Nb-niobium,

Ta-tantalium, Ni-nickel).

7s The extent of development or prospecting is briefly

described.

8s Productioa figures for uranium and vanadium are from the

1-4
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1 U.S. Atomic Energy Commission, government contracts only,
—4 -

for the years 1948 through 1970 (appendix 3). These are

J the best records available. Other production information

is obtained from cited sources.

J 9: Radioactivity measurements at the locality are given as

i counts per second (cps). A Geometries Gamma Ray

scintillometer, model GR-101A was used by the author and

J Or in J. Anderson (Anderson, O.J., 1980). Background

(bkgd) radioactivity and high or average radioactivity

•J are given. Occasionally, other radiometric readings are

given as times background radioactivity as obtained from

cited sources.

I 10: The formation name and geologic age of the host rock is

given.

J 11: Briefly describes the geology, host rock, and character

-i of the occurrence.

12: Lists important radioactive minerals and chemical

] analyses. Samples collected by the author are listed as

NMBMMR chem lab or NMBMMR XRF lab, date assayed, and

^ sample number; and are listed collectively in appendix 2.

13: Refers to a modified classification used by the U.S.

Department of Energy (table 2) as described in the

introduction of this report.

14: Comments or additional information is given. Any

published mine maps or geologic cross-sections of the

locality will be cited.

15: References or sources of information are listed in an

abbreviated form and arranged in chronologic order. If

1-5



the occurrence was examined by the author, it is

indicated by FN (field notes) and the date of

reconnaissance. Published reports are given as last name

,- of author(s) and year of publication in parenthesis; the

complete citation may be found in the bibliography

J (appendix 4). Occasionally, the year of publication is
~J

followed by a page number (i.e. 1956, p. 32) or by a

_J. number (i.e. 1956, #56) which refers to the page number

-. or property number used in that publication. Some of the

cited references may not mention or describe the

1 occurrence specifically; however, it is included because

it describes the geology of the locality or includes a

J geologic map of the area. The U.S. Atomic Energy Commission

Preliminary Reconnaissance Reports (PRR) are cited by

~~* , report number, prefixed with PRR, and by year in

1 parenthesis or as U.S. Atomic Energy Commission (1970).
,J

The PRR's are tabulated separately in appendix 5.

__. Unpublished reports and files are cited last and are not

cited in the bibliography. The most recent date of

information is given in parenthesis. Many of these

unpublished sources are abbreviated as follows: NMBMMR

files (New Mexico Bureau of Mines and Mineral Resources -

Virginia McLemore and Robert W. Eveleth files), USAEC

files (U.S. Atomic Energy Commission in Grand Junction,

Colorado), USDOE files (U.S. Department of Energy in

Grand Junction, Colorado), USBM (U.S. Bureau of Mines),

CRIB (Computerized Resource Information Bank, U.S.

1- 6



i; Geological Survey), MILS (Mineral Industry Location

Survey, U.S. Bureau of Mines), PC (personal

I communication), and WC (written communication). Copies

of most of these reports are available for inspection at

~-J the New Mexico Bureau of Mines and Mineral Resources

i offices.

16: indicates which figures included in this report concerns

J

the occurrence.
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1:
2:
3:
4:
5:
6:
7:
8:

10:
11:

13:
14:
15:

13N.11W.24.222
Section 24 (Indian Allotment, Nan-A-Bah, Glen and Edith)
NE1/4 24 T13N R11W
Bluewater 7-1/2 Elevation 7,110 ft
Ambrosia Lake subdistrict-Grants uranium district
U
open pit (15-20 ft deep)
24,638 tons ore yielding 115,075 Ibs U3o8 (0.22%); 85,545
Ibs V2Os
Jurassic Todilto Limestone
several orebodies, largest was 640-ft long and 100-145 ft
wide, related to northwest trending folds
Limestone
mined 1952-1957
Green and others (1980C, 1185); Anderson, O.J. (1980);
Holmquist (1970, p. 106); Hilpert (1969); McLaughlin (1963);
Anderson, E.G. (1955); USAEC files (1957)

1: 14N.10W.24.332
2: Section 24 (Section 24 and 26)
3: SW1/4 24, NE1/4 25 T14N R10W 35°25'21"N 107°51'9"W
4: Ambrosia Lake 7-1/2 Elevation 7,010 ft
5: Ambrosia Lake subdistrict-Grants uranium district
6: U, Mo
7: 848-ft vertical shaft
8: 1,904,582 tons ore yielding 7,071,564 Ibs U3og (0.19%)

plus 579 Ibs U3O8 bv neaP leach unti 11970
10: Jurassic Morrison Formation-Westwater Canyoa Member
11: 4 horizons, 8-67 ft thick
13: Sandstone - primary tabular
14: mined 1959-1980 by Kerr-McGee; some ore locally in lower

Brushy Basin Member; on standby status in 1982
15: FN4/5/82; Green and others (1980C, 1140); Chapman, Wood,

and Griswold, inc. (1979, *30); Siemers and Austin (1979);
Holmquist (1970, p. 66); Hilpert (1969, p. 40, 69, f84);
Santos and Thaden (1966); U.S. Atomic Energy Commission
(I959a, p. 56); USAEC files (1971); NMBMMR files (1964);
CRIB (1981)
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P. Organic-rich limestones (epigenetic)

1. Dynamic ground water system

2. Ocean water (2ppb U) or oxidizing uraniferous
'ground water by evaporitic pumping (Fig. 139)

3. Todilto U deposits, Grants, New Mexico

'a. SLgal stromatolites, organic rich

b. Rest on red, hematitic Entrada Sandstone

c. ^U probably derived from Pe-Mg silicates in
Entrada

d. ^Evaporitic pumping of uraniferous ground
Vater to organic-rich reducing environment
'"in Todilto

G. Coals (epigenetic)

1. Uranium accumulation principally in low-rank
coals

2. Beneath unconformity with overlying tuffaceous
oxidized rocks

3. Black Hills example (Fig. 140)

H. Sulfide-bearing veins (epigenetic)

1. Beneath an unconformity (Fig. 141), or

2. at the ground surface

I. Reducing gas moving to uraniferous oxidizing water

1. HpS, methane, or other volatile hydrocarbons
move upward, through ground water

a. U and pyrite precipitation at ground water
table (Fig. 31r)

b. O and pyrite precipitation at positions of
maximum reduction, at or near point of in-
troduction of reductant into oxidizing ground
waters (Fig. 142):

1. along faults (S. Texas, NW Colorado)

2. above subcrop positions of petroliferous
aquifers



DUNE FIELD

SHORELINE;
r •.' -RED'SANDSTONE- •

*Fig. 139 Evaporitic pumping bringing oxidizing uraniferous
"'ground water through underlying sandstone (Entrada)
into reducing environment of algal stromatolitic
limestones (Todilto Limestone).
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6. ARSENIC

6.1 Statement of Probable Fate

The fate of arsenic In the aquatic environment depends largely on pre-
vailing pB and Eh conditions. Arsenic is extremely mobile in the aquatic
environment and cycles through the water column, sediments and biota. Al-
though the equilibrium chemistry of arsenic has been extensively discussed
in the literature, no information regarding the kinetics of arsenic reac- •*"
tions in the environment was found. It appears that, in most cases, the
sediments and the oceans are the primary sinks for arsenic in the aquatic
environment.

6.2 Identification - Geochemistry of Arsenic

Arsenic is considered to be a rare but ubiquitous element in the
earth's crust. The average abundance of crustal arsenic has been established
at 5_£pm (Veast 1977). Arsenic is the third member of group VB of the
periodic system, which also includes nitrogen, phosphorus, antimony, and
bisauth. In soae of its chemical reactions, arsenic behaves much like
phosphorus and antimony.

In the natural environment, four oxidation states are possible for
arsenic: the-3 state, the metallic (0) state, and the +3 and +5 states.
The metallic state is not uncommon for the element in certain types of
mineral deposits. The +3 and +5 states are common in a variety of complex
minerals and in dissolved salts in natural waters. The -3 stae is present
in gaseous AsHj (arsine) which may fora under soae natural conditions.
Because of its multiple oxidation states and its tendency to fora soluble "•
complexes, the geochemistry of arsaenic is intricate and not well character-
ized. The element aost commonly associated with arsenic in nature is sul-
fur (Boyle and Jonasson 1973).

In all, there are 100 or more arsenic bearing minerals known to occur
in nature. The principal arsenic minerals are arsenopyrite (FeAsS), aic-
colite (SiAs), cobaltite (CoAsS), tennantite (Cu^2As4Sj3), eriargite
(Cu3AsS4), native arsenic (As), orpiaent (As2S3), realgar (AsS), prousite
(Ag3AsS3), scorodite ((Fe,Al)(AsQ4)«2H20), bendantite (?bFe3(As04)(S04)(OH)6),
olivenite (Cu2As04OH), miaetite (Pbj(P04 .AsOA^Cl), arsenoiite (As,03), erych-
ri:e (Co3(As04)2 '8H2Q), and annabergice (Hi3(As04)2 ':H20). Arsenic also
occurs in ainor quantities in practically all the common sulfides and in a
great variety of secondary oxidation products, particularly is sulfates and
phosphates (Soyle and Jonasson 1973). The generalized geocheaical cycle of
arsenic is shown in Figure 6-1.
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Arsenic has ao aqueous cationic chemistry other than in organic quar-
ternary sales (Catton and W11 kinson 1972). Th« oxo acids, arsenious acid
(HjAsC^) and arsenic acid (HjAsO^, art the prevalent forms of
arsenic in aerobic waters. Arsenic can fora coopiexes vich a number of
organic compounds, most of which increase solubility.

The atomic number of arsenic is 33; its atomic weight is 74.91; density
is 5.72 (20*C); aelting point (28 atm.) is 817*C; and boiling point is
613*C (tfeast 1977).

The CAS number of arsenic is 7440-38-2; the TSL number is A-1618-8227.

6.3 Summary of Fate Data

6.3.1 Photolysis

No evidence was found that photolysis is an important mechanism in
determining the fate of arsenic compounds.

6.3.2 Cheaical Speciatioa

In aquatic systems, arsenic has an unusually complex chemistry H
with oxidation-reduction, ligand exchange, precipitation, and adsorption
reactions all taking place. Arsenic is stable in four oxidation states
(+5, +3, 0, -3) under So conditions occurring in aquatic systems. Arsenic
metal occurs only rarely and the -3 oxidation state is stable only at ex-
tremely low Eh values. Since the valence state of arsenic is extremely
important in determining toxicity (the +3 state is much more toxic than the
+5 state; Hational Academy of Sciences 1976) as well as complexation be-
havior, the chemical speciation of arsenic is very Important when consider-
ing its aquatic fate.

Wagemann (1973) examined the typical concentrations of major and
minor ionic constituents in freshwater systems in an attempt to find the
possible controls on total dissolved arsenic in freshwater. He selected
four metals (Sa, Cr, Fe, Ca) as possible controlling factors and studied
their aetal arse nates more closely in the laboratory. Barium ion, at typi-
cal freshwater concentrations, was the most likely freshwater constituent
that would be capable of holding total dissolved arsenic to rather low con-
centrations. Based on these studies, an Eh-pH diagraa \?igure 6-2), which
summarizes theoretical arsenic speciation in freshwater environments, was
developed.

6-3



Figure 6-2 Eh-pH diagram for arsenic at 25'C and 1 atm. pressure, showing
the fields of stability for the most important arsenic species
in the presence of ICT-Ht of total arsenic, 10"3M of total
sulfur and 2.2 x 10"7M of total barium. Dashed lines define
domains for species enclosed in parentheses. From Wagemann
(1978).
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Andreae (1978) analyzed sea water fro» the Southern California
coast and terrestrial water* fro* several loeatioaa ia tha United States
for four arsenic species: arsenite, arsenate, monoaethylarsonic acid, and
dinethylarsinic acid. Generally, arseaate was doaiaaat, but ia waters of
the photic zone, the other species were found ia significant concentra-
tions. A positive correlatioa was evident between the concentrations of
arsenite and methylated arsenicals aad biological activity. These results
indicate that the specialion of arsenic in natural waters is significantly ,^
influenced by the biota. la the waters below the euphotic zone, arsenate
concentrations increased with depth, suggesting regeneration froa biologi-
cal material. Inasmuch as arsenate is the thermodyaaaically stable fora of
arsenic under the conditions prevalent in most natural waters, the non- j
equilibrium species reflect the biological activity in natural waters.

These results were confirmed by the work of Waslenchuk and Windom
(1978) in estuaries and Waslenchuk (1979) ia rivers. Waslenchuk and Wiadoa
(1978) found that in estuaries the only detectable species was arsenate
which remained in solution as fresh and salt water aixed. Coaplezes oc-
curred between arsenic and low molecular weight dissolved organic matter.
These complexes presumably prevented adsorptive and coprecipitativ* later- I
actions with the sediments and allowed the arsenic to travel to the ocean '
in a dissolved fora. Arsenic which enters the estuary associated with
participates, however, apparently remained so and accumulated ia the sedi-
ments.

Waslenchuk (1979) found chat the levels of dissolved arsenic in
rivers in the southeast of the United States are controlled by the avail-
ability of arsenic, by rainwater dilution, by the extent of cooplexation
with dissolved organic matter, and perhaps by the metabolic activity of
aquatic plants. Arsenic complexatioa by dissolved organic matter prevents
adsorptive interactions between the arsenic and solid-phase organic and
inorganic materials. Despite high arsenate solubility, arsenaw* concentra-
tion is limited to levels below saturation, due to reactions which remove
the free arsenate ion from solution. The particulate arsenic load nay be \
as important as the dissolved load with respect to material transport in
rivers. Only the dissolved load, however, is delivered to the ocean. It
appears fur ther that those biologically mediated reactions which result in
arsenic species disequilibria, in the ocean and lakes, have an insignifi-
cant effect on arsenic speciation ia rivers.

6.3.3 Volati l ization

Volatiliza;ion of arsenic may be a significant process ia excreae-
iy reducing environments where arsine (AsH3> i* forsed, but under noraal
circumstances, ic is not an important mechanism ia deteraining the fate oc
arsenic a f t e r the element's introduction to the aqueous environment.
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Arsino is probably oxidized rapidly in aerobic waters or the atmosphere
(Parris and Brinkaan 1975, 1976).

Methylated arsine derivatives may have more potential for volati-
lization. Trinechylarsine is quite volatile at room temperature (vapor
pressure 322 torr) and is oxidized to more soluble products very slowly.
Parriji and Brinkman (1976) reported a rate constant of less than
10~2M~1s~l for oxidation of (CH3)3As by dissolved oxygen. In the
gas phase, the rate constant for oxidation by oxygen was 10~Tl~^s"^.
Thus; trimethylarsine can travel considerable distances without undergoing
chemical change, even in aerobic systems.

6.3.4 Sorption

Cycling of arsenic in the aquatic enviroment Is dominated by
V, adsorption and desorption to sediments. Arsenic may be sorbed onto clays,

\J aluminum hydroxide, iron oxides, and organic material (Ferguson and Gavis "
1972; Jackson e_t aJL. 1978). In areas where phosphate minerals occur, arse-
nate may isomorphously substitute for phosphate (Hem 1970). Under most

-L conditions, coprecipitation or sorption of arsenic with hydrous oxides of
iron is probably the prevalent process In the removal of dissolved arsenic.
The oxyanionc of both arsenic and arsenous acid can coprecipitate with
hydrous iron and manganese oxides (Ferguson and Gavis 1972).

Gupta and Chen (1978) studied the adsorption of As(III) aad As(V)
onto alumina, bauxite, and carbon under various pH and salinity conditions
in the laboratory. The-results indicate that: (1) the rate of adsorption
and the extent of arsenic removal decrease with increasing salinity; (2)
pentavalent arsenic species have a greater adstorptive affinity for the
materials tested than do trivalent species; (3) alumina and bauxite are
much more effective adsorbents than carboa; and (4) adsorption decreases
with Increasing pH above pH 9 for As(III) and above pH 7 for As(V). These
data show that adsorption will be most important in aerobic, «cidic, fresh
waters. As conditons become more reducing, alkaline, and/or saline, arse-
nic is less likely to be adsorbed and more likely to remain dissolved.

>/y Ac Tacoma, Washington, a smelter discharges large amounts of
As205 into the air and Puget Sound. Sediments near the smelter contain
high levels of arsenic (up to 10,000 ppm). Surface seawater samples taken
next to the smelter contained a maximum 1200 ppb arsenic. The concentra-
tion decreased very rapidly with distance to about 4 ppb within one mile.
Crecelius e_t a_l. (1975) explained this phenomenon by the rapid absorption
of arsenic into the sediments of Puget Sound. Crecelius (1975) estimated
that for Lake Washington, which received high loadings of arsenic, approxi-
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aately 552 of ch« arsenic eocering the lake was removed Co the sediaentsjj
About 602 of the arsenic in the sediaeots was extractable with the Iron-H
manganese compounds, indicating that sorption or coprtcipitation was the
primary removal process. Of the riverine input to the lake, 652 of the
arsenic was dissolved and 352 was associated with particles. Siace much of
the arsenic entering the lake originated from the nearby smelter and was
probably chemically bound to particles which subsequently settled to the
sediments, it is quite possible that in uncontamlnated environments, less
arsenic would be removed to the sediments and a greater proportion of che
arsenic in the sediments would be associated with the extractable iron-
manganese compounds.

La Peintre (1954) demonstrated that arsenate species are copreci-
pitated or adsorb onto hydrous iron oxide. Shnyukov (1963) observed that
iron ores are always enriched with arsenic, owing to the high adsorp-
tive capacity of the hydrous iron oxides and the fact that ferric arsenate
is very insoluble. Arsenate species are adsorbed by aluminum hydroxide and
by clays; however, bauxite and silicates are usually only moderately en-
riched in arsenic (Onishi and Sandell 1955). It appears, therefore, that
adsorption of arsenic by sediments is one of the controlling mechanisms for
its fate in the aquatic environment.

6.3.5 Bioaccumulatton

Although arsenic is toxic, a number of studies have shown that it
is bioaccumulated. Arsenic is accumulated by fish both from water and from
food, but reported concentration factors for arsenic in aquatic organisms
are generally quite low (Table 6-1).

Reay (1973) studied the arsenic levels in an arsenic-rich river,
the Vaikato (Mew Zealand), and related bioaccuaulation of arsenic by aqua-
tic plants to the total amount transported by the river. Sy estimating
total production (ecological) and the amount of arsenic transported by the
river, the author estimated chat ,nly 3-42 ol the annual arsenic input Co
the river was bioaccumulated, with such of the balance being discharged to
the sea and che remainder settling out with sediment at iapoundoencs.

In a microcosm experiment, Isensee et al. (19/3) investigated :he
bioaccumulation of two organic arsenicals, cacodylic acid and dimechyi-
arsine, for a total of 32 days in a model ecosystem :ha: contained algae,
snails, daphnia, and fish. Fish exhibited the least accusula:ion, -.l:h a
bioconcentracion factor of 21 for cacodylic acid and 34 for diaechylarsiae.
Snails accumulated the compounds to a greater extent (the bioconceacracior.
factor ranged from 110 to 446), and che two planktonic components concen-
trated arsenic the most, with bioconcentration factors ranging from 736 :o
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Table 6-1

Bloconcentration Factors for Arsenic

Taxon

freshwater Plants

Freshwater Invertebrates

Freshwater Fish

Marine Plants

Marine Invertebrates

Marine Fish

Bioconeentration _Factora

333
6000

333

333

333

333

333

Reference

Chapcan _e£ al. 1968
Reay 1973

Chapman jet al. 1968

Chapman et al. 1968

Chapman et al. 1968

Chapman et al. 1968

Chapman et al. 1968

*. Bioconcentration factors are the ratio derived from the concentration
of the element in the aquatic organism (in ppm wet weight) divided by the
concentration of the element in water (in ppm).
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217S. It was concluded that the arsenic compounds did not show a tendency
to biomagnify (Increase in concentration as trophic level increases); and
after 32 days, about 302 of the original arsenic in solution was incorpo-
rated by the biota.

Sorensen (1976a) exposed green sunfish (Lepomis eyanellus) to
various concentrations of arsenic (as sodium arsenate) in water and mea-
sured the accumulation. There appeared to be a relationship between ex-
posure concentration and arsenic accumulation, but the data were not
statistically correlated. In further experiments green sunfish were ex-
posed to sodium arsenate under varying temperature and exposure intervals
(Sorensen 1976b). Arsenic uptake by liver, gut and muscle increased with
arsenic concentration in water and with temperature and exposure interval.
Dead sunfish did not passively accumulate arsenic and no useful method was
found for confirming arsenic-caused fish kills. Biological half-life for
arsenic in gut and liver was about seven days.

Gilderhus (1966) observed the arsenic uptake by young and adult
bluegills (Lepoais marcochirus) placed in ponds that had been treated with
various concentrations of sodium arsenate as a herbicide. After sixteen
weeks exposure, whole adult bluegills contained arsenic levels very siai-

•
lar to the concentration of arsenic remaining in the pond after that
period. Immature bluegills attained arsenic concentrations nearly twice

• those present in adults. By the end of the experiment, 20 to 80 percent of
• the arsenic applied to the ponds remained in solution.m«

m%
M
m

Sandhu (197?) measured arsenic content of fish and water in a pond
accidentally sprayed with an arsenical herbicide. Arsenic levels in the
pond reached 2.5 mg As/1; fish accumulated up to 12.4 yg As/g in muscle,
representing a concentration factor of only five. Lake Mich'7-.a plankton
and benthos were found to contain 6.0 and 6.6 yg As/g, respectively (Seydel
1972). Lake Superior plankton contained about 30 percent less. The arse-
nic concentrations present in phytoplankton and zooplankton were similar.

la general, 'at contains aore arsenic than other tissue fractions.
Fish muscle tissue also accumulates arsenic; howtver, the biological half-
life of arsenic is only seven days in green sunfish. Shellfish concen-
trate arsenic to a much greater extent than fish, and aariae organises
concain more arsenic than freshwater species.

6.3.6 Biotransformation

Arsenic has been shown to undergo a number of biologically seci- I
aced transfo mac ions in aquacic environments, mosc of which involve -aethyl-
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ation co derivatives of arsine (Johnson 1972; Wood 1975; Zingaro and
Irgolic 1975). Arsenic forms stable bonds with sulfur and carbon in
organic compounds, and it is the a f f i n i t y of trivalent arsenic for sulf-
hydryl groups, most notably in amino acids, which accounts for the primary
mod* of arsenic toxlcity (National Academy of Sciences 1976). Pentavalent
arsenic is not: reactive with sulfhydryl groups, but since some organisms
are capable of, reducing arsenate to arsenite, biological reduction in natu-
ral waters could cause an increase in the ratio of arsenite to arsenate
(Braman and Foreback 1973).

In methylation studies, McBride and Wolfe (1971) demonstrated that
Methanobaecerium reduced and methylated arsenate under anaerobic conditions
to dimethylarsine. A methyl donor, methylcobolamin in this case, was
necessary. Cox and Alexander (1973) demonstrated that three species of
fungi , found in sewage sludge, could produce crimechylarsine. Two of the
fungi were able to form trimethylarsine from mono- or dimethylarsiea, while
the third was able to produce trimethylarsine from arsenite and arsenate as
well. In general, more trimethylarsine was produced in acidic media than
under neutral coalitions. The methylarsines can be produced by a number of
yeasts, bacteria, and fungi. This literature has been reviewed by Ferguson
and Gavis (1972) and Woolson (1977).

The biological function of the oethylation of arsenic is not
known, but Braman and Foreback (1973) speculate that methylation may be a
detoxification mechanism since most of the organic metabolites are con-
siderably less toxic than arsenite. Alternatively, methylation of arsenic
could be purely adventitious. In an anaerobic environment, it may be en-
ergetically preferable for organisms to transmechylate metals rather than
to synthesize methane. Only aerobic metabolism has been found to yield
methylarsines and methylation may occur in the aerobic upper layer of the
sediment. The probable mobility of methylarsines from the sediaents to
solution and to the aquatic food chain plus the increased anthropogenic
discharges of ar»«uic could bring about ever increasing arsenic concentra-
tions in the aquatic environment. This cyclic behavior of arsenic in bio-
logical systems has been summarized in Figure 6-3.

6.4 Data Summary

Arsenic is extremely aobile in the aquatic environment. Although a
number of studies have described the equilibrium cheaistry of arsenic, the
rates of aost of these reactions are unknown. It is evident that once in
the aquatic system, arsenic cycles through several components, i.e., the
vater column, the sediaents, the biota, and the atmosphere. Figure 6-4
summarizes this cyclical na ture of arsenic.

6-10



H» —*.*'—ew,

T1UMTMYUUI3HM

\ X
>i f

CM,

• UCTtMA* *4C?(*IA I

4*U<UTI MUMTt

UliTKUA

MIO

Figure 6-3 The biologic arsenic cycle in the aquacic environaenc,
From Wood (1975).
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Figure 6-4 Cycle of arsenic through different environmental compartments,
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Obviously, th* fata of arsenic is the aquatic environment is a complex
problea, depending on a aumber of factors Including Eh, pH, aecal sulfide
and sulfidc loo conceatratiooa, presence of phosphorus minerals, iron con-
centration, teaperature, salinity, and distribution and composition of the
biota. It appears chat, in aost cases, th* sediaent is the major sink for
arsenic, but that Mobilization by bacteria and other benchic organisms re- '
turns auch of this arsenic to the cycle. Much, if not cost, of the arsenic
introduced to the aquatic ecosystea is eventually transported in solution
to the oceans. Table 6-2 summarizes the aquatic fate of arsenic.

1
*

I
1
*

1
J
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Environmental
Process

Photolysis

Chemical
Speciation*

Volatilization*

Sorption*

Bi oac cumula tion*

Biotransformation*

Table 6-2

Summary of Aquatic Fate of Arsenic

Summary
Statement

Not an important process.

Important in determining
arsenic distribution and
mobility. Lnterconversions
of +3 and +5 state and organic
complexatlon are most important.

Important when biological
activity or highly reducing
conditions produce AsHj or
methylar$enlcs.

Sorption onto clays, iron
oxides, and organic material
are a controlling mechanism for
the fat* of arsenic in the
aquatic environment.

Appears to be most significant
in lover trophic levels.
High toxicity lowers overall
accumulation by aquatic organisms.

Arsenic i* metabolized by a
number of organisms to organic
arsenicals, thereby Increasing
arsenic mobility in the environment.

Confidence of
Data

Medium

High

High

High

Medium

High

All of the noted environmental processes are important; however, their
relative importance with respect to each other is uncertain for
determining final fate.
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ABSTRACT

Langmuir, D and Chatham, JR. , 1980. Groundwater prospecting for sandstone-type
uranium deposits: a preliminary comparison of the merits of mineral solution equili-
bria, and single-element tracer methods. In: R.H. Carpenter (Editor), Geochemical
Exploration for Uranium. J. Geochem. Explor., 13: 201—219.

Groundwater quality data was collected from published sources and estimated when
necessary for three sandstone-type uranium deposits ia Texas and Wyoming. The purpose
of the study was to compare the merits of using the computed saturation state of the
groundwater with respect to uranium minerals, to tint of single-element tracers in
froundwater for geochemkal prospecting. The uranium minerals considered were earnot-
ite and tyuyamunite within oxidized deposits in the Cauhouia Tuff in southern Texas,
and unninite and coffinite in reduced deposits within the Oakville Sandstone in southern
Texas, and Wasatch Formation ia northeast Wyoming. Groundwater chemical maps and
profiles were constructed for the three sites, showing locations of known and probable
uranium mineralization. The single tracer elements and parameters considered in the
comparison were pH, Fe, SO,. V,_U/Ra\ As, Mo and §e. Mineral-saturation results were
the most dependable evidence for w*mum mineralization, and showed systematic trends
towards saturation at distances as great as 300 m from the ore. Ia general, the next best
indicators of ore were uranium concentrations, and vanadium concentrations in the oxi-
dized deposit Single tracer species As, Mo, Se and V were at or below detection in
groundwaters near the reduced deposits, and except for V. provided ambiguous informa-
tion in the oxidized deposit. Because of its high mobility, radium was displaced from the
mineralization in the direction of groundwater flow at the Oakville Site, although iu
success as an ore pathfinder was equal to that of dissolved uranium at the Wasatch Site.

INTRODUCTION

The use of groundwater as a prospecting tool to locate sandstone-type
uranium deposits has generally been limited to appraising the distribution of
so-caBed pathfinder species, such as He, Ra, Rn, Mo, V, As, Se, and U ia the
groundwater (cf. Dyck, 1975; Dyck et al., 1976; Nichols et al.. 1977; Arendt
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et al., 1978; Asikainen and Kahlos, 1979; Cadigan and Felmlee, 1979; Rose
and Komer, 1979). Although these species can provide indirect evidence of
an ore body, solution-mineral equilibria concepts suggest that chemical
maps of such species may be inadequate. The concentration of uranium in
groundwater, for example, may be lower within an ore body than in
surrounding areas (DeVoto, 1978; Childers, 1979). Most uranium ore,
however, contains discrete uranium minerals with which the groundwater
may equilibrate. The state of saturation of the groundwater with respect to
these ore minerals can provide the most direct proof of the existence of an
ore body.

This paper will examine which is the better indicator of the presence, lo-
cation, and size of an ore body; the saturation state of the groundwater with
respect to uranium minerals, or the distribution of pathfinder or tracer ele-
ments in the groundwater. To properly consider this question, detailed in-
formation is required on the groundwater geochemistry, hydrology and
geology of strata that contain known uranium ore bodies. This type of
published information, when available, is found in United States government
reports, including NURE (National Uranium Resources Evaluation) reports
of the United States Department of Energy, and in environmental impact
statements submitted by the uranium mining industry to state governments
for permitting purposes. Unfortunately, details of the mineralogy, geology
and hydrology are usually sparse, and specific locations of known minerali-
zation tend to be vague. In addition, the groundwater chemical analyses may
be incomplete and of poor quality, lacking data for both major and trace
constituents. The absence of a field measured oxidation potential (Eh) or
dissolved oxygen, and field measured pH is the most serious general deficien-
cy in such data.

In some cases then, estimated values are needed before one can make
mineral-equilibria calculations. The obvious question this raises is, in spite of
the need for such estimates, are the resultant mineral saturation vsl^s
accurate enough to be useful for prospecting? The above questions are
addressed in this paper for sandstone-type uranium deposits in the Catahou-
la Tuff and Oakville Sandstone in southern Texas, and in the Wasatch Form-
ation in northeastern Wyoming. Measured and estimated groundwater
quality data from areas of these deposits have been introduced into an ex-
tensively expanded version of the computer program VYATEQF (Plummer et
al., 1976) which includes the thermodynamic data for uranium and vana-
dium minerals and solutes given by Langmuir (1977; 1978).

This same computer program was used by McNally and Langmuir (1977)
to examine the status of uranium-mineral equilibria in oxidized ground-
waters within Kent and Dickens Counties in northwest Texas. Using a com-
bination of estimated data, and published groundwater chemical data from
the Texas Water Development Board (Anonymous, 1972) and NURE Pro-
gram (Nichols et al., 1976), they concluded that the groundwater was locally
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saturated with respect to carnotite. More recently Applin and Langmuir
(1978) sampled and analyzed shallow ground waters from 68 wells (average
depth 12 m) and springs in uraniferous sediments of northeast and eastern
Pennsylvania. Field measurements of pH, and of Eh or dissolved oxygen
were taken of most samples, along with laboratory measurements of major
and minor elements, and Cl, HCOj, PO4 and SO«. Computer calculation of
the status of uranium-solution mineral equilibria showed that all the waters
were undersaturated with respect to uranium minerals by at least three
orders of magnitude. This result probably reflected the paucity of uranium
mineralization, and the relatively high dilution of these shallow ground-
waters in fractured, Paleozoic rock by groundwater recharge under climatic
conditions typical of the eastern United States (average precipitation in this
case about 125 cm/yr).

Using the thermodynamic data for uranium minerals and complexes given
by Langmuir (1978), and estimated Eh values, Lueck (1978), Lueck et il.
(1978), and Runnells et al. (1980) have shown the useful application of
uranium-solution mineral equilibria concepts to the genesis of, and explora-
tion for sandstone-type uranium and vanadium deposits of the western
United States, and to their mining by in-situ leaching methods. However, no
one to date has contrasted the merits of the mineral-saturation and single
tracer approaches to exploration for these deposits using groundwater pros-
pecting methods. Further, our groundwater quality data base for the western
deposits is considerably larger than that evaluated by Runnells et al. (1980).

ESTIMATION OF GROUNDWATER QUALITY DATA

The use of published data to compute the status of uranium-solution
mineral equilibria has required the estimation of concentra'ions for un-
measured species such as Ca, Mg, K, Cl, Si, and Eh. Groundwater analyac-s
from the Catahoula Tuff in the Seguin Quadrangle (Arendt et al., 1978)
lacked Si and K data. Values of 80 ppm (as SiO3) and K * 10 ppm were
assumed for these species based on average values for Catahoula ground-
waters given by Weeks and Eargle (1963). Chloride was also lacking from
these analyses, but because it was the major anion chloride could be esti-
mated with good accuracy from large differences in the epm (equivalent per
million) balance between cations and anions.

Nichols et al. (1977) did not measure the species Si, K, Cl, Na, Mg, Ca,
and Eh in groundwaters from the Crystal City-Beeville Quadrangle imme-
diately to the south of the area studied by Arendt et al. (1978). We esti-
mated Na, Mg and Ca in these waters by determining the best correlation be-
tween these species and Cl, HCO,, specific conductance, and total epm
anions using the data for the Seguin Quadrangle from Arendt et al. (Corre-
sponding r values ranged from 0.88 to 0.98), The slope and intercept of the
best-fit line were then utilized with the same independent variable to predict
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data missing in the report of Nichols et al. (1977). Chloride was correlated
with specific conductance (SpC) after an adjustment to remove occasionally
large known effects of SO4 and HCO) (r * 0.98 for the plot of Cl versus
SpC). This was accomplished by dividing the conductivity by 100, which
approximates the total cation or anion value in epm (Brown et al., 1970).
The contributions of SO« and HCOj were removed by subtracting their
known epm values from the total estimated epm value for the anions. Magne-
sium was strongly correlative with total anions (epm) and also with HCO,.
Na and Ca were estimated from both the total epm of anions and from G.
(For example, r - 0.94 for Na versus SpC, and r * 0.98 for Na versus Cl).

Estimates of concentrations of major species are usually possible with fair
to good accuracy using this combination of statistical methods and epm
balances. Trace species concentrations, however, were usually poorly corre-
lated with major species concentrations, so that their estimation was rarely
defensible. Estimates of Eh also must be made with considerable caution.
Explanation and justification for Eh estimates is given below.

In oxidized ground water environments the most common uranium ore
minerals in sandstone-type deposits of the southwestern United States are
camotite and tyuyamunite. In reduced groundwater environments uraninite-
and coffinite are the usual ore minerals. The stabilities of camotite and
uraninite in terms of Eh and pH are shown in Fig. 1 for conditions fairly
typical of the sandstone-type deposits. Waters that contain detectable dis-
solved oxygen (> 0.1 ppm) lie at the top of the camotite field (see Lang-

Fif. 1. Eh-pH diagram in the lyitem K-U-V-O.-r^O-CO, «t 25*C. Given; K - 10" M, U -
10'* M (0 24 ppm) at mineral-solution boundaries V - 10"* M (0.1 ppm u V04). and
PCO *" 10"' atm. The figure U taken from Langmuir (1978).



mujjr-J97ir~Bnder these conditions dissolved uranium will occur entirely
as uranylspjKieJ. Groundwaters in contact with reactive pyrite or marcasite
or ofgantrinatter, or which contain H,S will generally lie near the bottom of
the diagram within the uraninite field. At pHs above 6.5 to 7.0, usual values
in sandstone-type deposits, nearly all of the dissolved uranium will occur as
uranous [U( IV)][species. (See Langrnuir, 1978, Fig. 2).

For these high and low redox conditions, respectively, exact Eh values
are not needed to compute the saturation state of the water with respect to
camotite or uraninite. When plotted on a similar Eh-pH diagram the stability
fields of tyuyamunite and coffinite are nearly identical to those of camotite
and uraninite, respectively, so the same generality applies to these minerals
as well. Where intermediate Eh values are likely to exist however, their esti-
mation is subject to serious error. For example, as one of three methods of
estimating Eh, Runnells et al. (1980) used the measured pH and ferrous iron
concentration, and the reaction:
Fe(OH)3(s) * 3H* * e' - Fe2* + 3H2O
and assumed a constant stability for solid Fe(OH)3. However, Langmuir and
Whittemore (1971) and Whit tern ore and Langmuir (1975) showed that the
stability of Fe(OH), can vary by nearly five orders of magnitude in a single
aquifer system. The corresponding measured change in Eh was 360 mv. Eh
can be inferred to be oxidizing from the presence of significant nitrate con-
centrations (high nitrate indicates uranyl species only), and can sometimes
be estimated from the presence of redox-sensitive trace elements if such data
is available.

CALCULATION OF MINERAL-SATURATION RESULTS

The measured and estimated chemical data were input into a modified and
expanded version of the computer program WATEQF (Plummer et al., 1976)
utilizing a DEC-SYSTEM 10 computer to perform the calculations. The
thermodynam.c data for U and V species and minerals in the program were
taken from Langmuir (1978) except for the Gibbs free energy (AC?f) of
coffinite (USiOJ. Based upon the footnotes to table 1 in Langmuir (1978),
±G{ should equal -449.9 kcal/mo! for coffinite instead of -452.0 kcaJ/mol,
the value given in that table. The corresponding corrected erthalpy (^//°f)
value is —475.7 kcal/mol.

The modified WATEQF program computes ionic strength, activity coeffi-
cients, activities and concentrations of 370 dissolved species including com-
plexes, and ion activity products of 239 minerals and other solid phases. The
computed ion activity products of minerals are then divided by their respec-
tive solubility products. The logarithm of each quotient represents the
saturation index (SI value) for that particular mineral. Positive numbers indi-
cate the groundwater is supersaturated with respect to a particular mineral,
whereas a value of zero or negative values represent saturated and undersatu-
rated conditions, respectively.
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THE THREE STUDY AREAS

In our study we examined the groundwater geochemistry of three sand-
stone-type uranium deposits. These included an oxidized deposit in the Cata-
houla Tuff in.southern Texas, and two reduced deposits: one in the Oakville
Sandstone in southern Texas, and a second in the Wasatch Formation in
northeast Wyoming.

The Catahoula Tuff

Reports prepared as part of the NURE program (Nichols et al., 1977;
Arendt et al., 1978) were used to obtain groundwater quality data for the
Miocene Catahoula Tuff of southern and southeastern Texas (Fig. 2). Gallo-
way (1979) describes the unit as an ash-rich, complexly interweaving fluvial
system, with dip-oriented sand belts that tend to diverge from • point source
northwest of the present outcrop. Fluvial channel-fill, crevasse splay, flood-
plain, and coastal lake facies are predominant. Montmorillonitic clay from
the subsequently altered, abundant volcanic ash is a common constituent.
The sand content of the Catahoula ranges from less than 10 to 50% of the
total section.

9-

CATAMOUtA

Fif 2. Location of the Catahoula and Oakrille Site*, within the Catahoula Tuff, and Oak-
Tille Sandttone and Fleming Formation, re«p«cti»ely. Croundwater quality data were
collected from throughout the (tippled portion of the Catahoula Tuff.



Uranium mineralization occurs a* ragged and poorly developed roll-fronts
along margins of the medium to fine-grained channel-fill and crevasse-splay
facies. H,S and HS" from nearby faults apparently altered existent Fe-Ti
oxyhydroxide minerals in the tuff, producing FeSa (chiefly pyrite), which
was subsequently oxidized in part by U(VI)-bearing groundwaters, to pro-
duce a coffinite-pitchblende type ore {Goldhaber et al., 1978; Galloway,
1979). The ore is often Mo, Se, and V-enriched, especially in surface or
shallow subsurface oxidized deposits (Weeks and Eargle, 1963). In the oxi-
dized deposits the ore minerals are probably camotite and tyuyamunite.
Weeks and Eargle also identified autunite in the Catahoula Tuff. (We could
not assess autunite solution-equilibria in this study because PO« groundwater
analyses were lacking.)

Within the Catahoula, meteoric groundwater generally flows downdip
(coastward) along ancient, fluvial channel networks, eventually to be dis-
charged through thick, overlying aquitards, while saline formation water
moves updip within the aquifer or along faults (Galloway, 1979). Some
groundwater has been diverted to the surface due to stream incision of the
outcrop (Galloway, 1977).

Groundwaters of the Catahoula Tuff are generally of the Ca or Na-Cl type.
Calcium or Na-SO4 waters are also occasionally present. Since analyses from
the Catahoula covered a large geographic area (stippled in Fig. 2), the ranges
of pH values and of dissolved species were large. The pH ranged from 6.5 to
10.7 (average 7.2), while total dissolved solids ranged from 325 to 4725 pom
(average 1529 ppm). Analyses from 12 wells widely distributed across the
outcrop (stippled) area gave dissolved oxygen (DO) values ranging from 0.9
to 5.0 ppm. The DO data are consistent with the oxidized ore mineralogy.

The Eh of the groundwater was estimated from the average DO concen-
tration of 3.0 ppm in these waters, and the reaction:
4Oj + 2H* f 2e' = HjO
(Plummer et al., 1976). for which, at 259C
Eh - 1.27 * 0.0148 log (O2J - 0.0592 pH
In this expression [OjJ is the DO concentration in moles per liter. This
equation indicates that at a given pH, the theoretical Eh increases by only 11
mv as DO increases from 0.9 to 5 ppm. Thus, the average DO value of 3 ppm
leads to an estimated Eh which is within 4—7 mv of the Eh value that
corresponds to the highest and lowest measured DO values.

Computed carnotite and tyuyamunite saturation indices (SI values) and
pH are plotted in Fig. 3, which is based on data from a profile that includes
15 wells trending parallel to strike (southwest to northeast) across the Cata-
houla site located in Fig. 2. The present groundwater flow direction is per-
pendicular to.the plot. The obvious inverse relationship between pfiartd the
SI curves reflsc^s the fact that a major control on computed SI values is the
measured pH, particularly because the DO is assumed constant. The figure
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Fif. 3. Carnotitc and tyuyamunitc and uturation indict* (SI valuta) and pH in pound-
watcn along a proflle acroa* tb* Cauhouia Site.

shows SI values near or above saturation with respect to camotite and
tyuyamunite in a known zone of mineralization, and suggests additional ore
should be sought further southwest and about 35 km to the northeast

Commercially economic uranium deposits in the catahoula Tuff in south
Texas have been reported within and south of the Crystal City-Beeville
Quadrangles. No significant discoveries have been described in the Seguin
Quadrangle or in areas further north. Our data support these observations in
that a number of groundwaters within and south of the Beeville Quadrangles
were saturated or slightly supersaturated with respect to carnotite and
tyuyamunite. Some of these localities correspond to areas of known minera-
ali-^tion, while others do not. In contrast, all Catahoula waters within the
Seguin Quadrangle were undersaturated with respect to carnotite (SI < -1.1)
and tyuyamunite (SI < -0.6).

Uranium and vanadium profiles across this same area (Fig. 4) offer the
same general information, with the highest U and V concentrations found
near zones of known or probable camotite and tyuyamunite mineralization.
In this ground water U would be expected to occur as the uranyl di and tri-
carbonate complexes, and V as HaVO; and HVOi".

Profiles of Mo, As, and Se in Fig. 5 are less useful because these elements
are not constituents of uranium minerals, and may have moved since their
original deposition. They occur in the groundwater as the oxyanions MoOj".
HAsOj", and SeOj" (cf. Howard, 1977), too soluble to precipitate as specific
minerals under these conditions. In general these oxyanions would tend to
be adsorbed by. positively charged ferric-oxyhydroxides'tt low pH (below'pH
5.5—8.5). Sele^inm.concentrations are lowest in the ore zoite, which is also '
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Fif. 4. Unnium and vanadium concentration* in froundwatcn aJonf a profile acrou tht
Cauhoub SiU.

KNOWN

Kif 5. Molybdenum, anenic, and selenium concentration* in groundwaten along i pro-
file acro» the CaUhoula Site.

where the ground water pH is lowest (6.5 to 7.5). However, Mo variations
appear unrelated to uranium mineralization or to pH, Among these three
elements, arsenic variations best pirror the. saturation .ptots.for cajyiotite ajid..
tyuyarmmite. yhtqrtynatel^, out use of an estimate^ Eh tp ^ompute SI.
values, "and especially'the lack of mineralogical^data* from core,s,'makes geo-*
chemicaf interpretation of the concentration variations of these elements
ambiguous.'

» . *» ***% * ^
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The Oakville Formation

A second study area was selected within the Miocene Oakville Formation
of southern Texas (Fig. 2). Fault-related deposits of coffinit* and uraninite
are present within a 6—18 m thick, basal section of fluvial, arkosic sand*
stone. Normal, down-to-the-coast growth faults which strike parallel to the
present coastline are believed to have acted as conduits for reductant HjS
gas. The H:S at different times may have been derived from the underlying
Edwards Limestone or from other hydrocarbon-bearing formations (Gold-
haber et al., 1979). Organic matter is sparse in the Oakville but 2 to 3%
pyrite and ore-stage marcasite is ubiquitous. The basal sand is often calcite-
cemented, especially along the fault. The ore occurs along a re-reduced roll
front in sand and clay zones within the upthrown fault block (Goldhaber et
al., 1979). Molybdenum probably forms a broad halo around the ore, with
Se also present in locally anomalous amounts (Klohn and Pickens, 1970).
The molybdenum is presumably within jordisite (amorphous MoSj). The
selenium may occur as native Se, ferroselite (FeSe2), or in solid solution
within the iron sulfides.

Hydrologk data from the site (Anonymous, 1978a, b) suggest that the
present groundwater flow direction is northeasterly, with a gradient of from
1 to 3 m per kilometer. No leakage into adjacent aquifers or along the fault
was detected during pumping tests conducted at the site. Groundwaters are
mostly of the Ca or Na-Cl type, with Ca and Na-SO4 predominant waters
occasionally reported. Total dissolved solids ranged from 1692 to 2702 ppm
(average about 2100 ppm). The pH ranged from 6.8 to 8.3 (average 7.4). The
groundwater Eh was assumed constant at —120 mV. (Based on our own
measurements in eight wells at the site. Eh ranged from -45 to -170 mV.
and averaged -117 mV.) This average is consistent with the presence of H:S
in the eight wells we sampled, and with Eh values measured by Klohn and
Pickens (1970) at the Exxon Felder Mine. For these Eh and pH conditions
dissolved uranium is present chiefly as U(OH)S'.

Uraninite SI values were computed and plotted on a map of the Oakville
site in Fig. 6. Values above zero indicate supersaturation with respect to
crystalline uraninite UO:(c). However, the UO:, if present, is probably
relatively fine-grained and poorly crystalline pitchblende which is more
soluble than crystalline uraninite. This would account for the apparent
supersaturations shown on the map. A map of coffinite SI values (not
shown) has a very similar appearance to Fig. 6. It may be noted from the
probable general location of the ore shown in Fig. 6, that the saturation
contours provide a good reflection of the position and size of the ore zone.
Uraninite saturation contours increase towards the ore body from as far
•away-as 300 m (the-limit-of available well cout»c4), providing-remote. ev.i-»-
rienoe of the ort. •. .- /;.. ..,., , . . - . . • . * . ;>. ., « *..; .t x. ..

Profiles of uraninite and coffinite SI values and of pH (Fig. 7) were drawn,
along the section labelled A-B in Fig. 6 which approximates the present
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Fij 6 Map of the Oakviile Site, showing well locations (•), contoured saturation indices
of the groundwater with respect to uraninite, and locations of mineralized zones (cross-
hatched areas) L' and D denote up- and down-thrown fault blocks.

ss -

Fig 7 Cofnnite and uraniniU saturation indices and pH in groundwaters at the Oakvule
S.t* along profile A-B in Fig 6.

groundwater flow direction. Because Eh has been held constant, SI values
plot as the inverse of pH. (Again, this is because Eh and pH are the chief
controls on computed SI values.) As before, the lowest pH values occur
within the ore zone.

Uranium and radium profiles were aJso plotted aJong section A-B (Fig. 8).
Maximum U values are found in the ore zones, however the values are not as
exceptionally high in these zone? as are the SI values. Uranium concentra-
tions elsewhere within the ore zo:.e shown in Fig. 6 were as low as 1 ppb.
Radium activity is high within the right (east) ore zone, however, no Ra
rnaximujo is.evident.in. tbe Wft (vmt) ore eon«. JUdiutn-anomaJie's rafy 4se
displaced in, thf-greuxjd^at«r HOW direction relative tQ-.tbe ore.-.*£* ;* * . » : * • : •••«- 'v
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Fie 8- Uranium concentration* and radium activity in groundwaten at the Oakville Site
along profile A B in Fig. 6.

600- so.

4SC-

Fig. 9. Sulfate. iron and manganese in groundwaten at the Oakville Site along profile
A3 m Fig. 6.

Profiles of SO4, Fe. and Mn in the groundwater were plotted in Fig. 9
along the same section. Maxima in these species occur within the ore zones,
and are inverse to pH, except for Fe in the right (east) zone. This suggests
that slight oxidation of pyrite, enriched in the ore, has led to the diop in pH
and increases in Fe, Mn and SO4. A similar drop in pH due to oxidation of
pynte was suggested by Granger and Warren (1969) and DeVoto (19TS)
along classical roll-front deposits. The constancy of Fe in the right-hand ore
zone is not readily explained.

Limited trace-element data is available for Oakville groundwaters, and.
'•" 'm»iyx>f the vithe* are beldw'det&Hoti limits! Vfciatfpns'in Cu, M.o, As and'.
;'.Srf ax*. gehe'ralfy^tJTibiguous'.'Cbpper'arid^o'HavV'liotJh maxima kndTmlnirna"*-
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within the ore zone. Arsenic is inversely proportional to iron in one profile.
These elements may be tied up in relatively insoluble sulfides and selenides
and as native As or Se in the reduced sediments.

The Wasatch site

The third site studied was in northeast Wyoming on the west flank of the
Powder River Basin (Fig. 10). Uranium mineralization occurs within an
arkosic sandstone, approximately 30 m thick within the fluvial Wasatch
Formation (Anonymous, 1978c). The sandstone unit, which includes several
thin, interbedded claystones, is confined above and below by thick clay-
stone-coal sequences. The ore minerals uraninite and coffinite occur in
classical roll-front type deposits. Reduction to form the ore was by inorganic
sulfur species and possibly also by carbonaceous material.

\
S-e- :»•

«,
*

N

I

SITE ,
f

Fig 10 Location of th« Wasatch Sire in northeast Wyoming,

Descriptions of tru groundwater hydrology at the jite are ambiguous.
Regional piezometric contour maps for the Wasatch Formation indicate a
general north to northwest groundwater flow direction (Anonymous.
1978c). However, piezornetric maps of the host sand suggest a due westward
movement. Noses of the roll-fronts axe oriented eastward in-a direction re-
verse to present groundwater flow. Groundwater is of the Na-SO« type with
a totai dissolved soKds concentration range from 340 to 629 ppm (average
425 ppm). The range in pH is from 8.3 to 10.5 (average 9.0). Groundwater
Eh was assumed constant at —200 mV. This Eh is consistent with the ore
min*hriogy; and-fcsures .that'all bf the disSofved/aifcrVipm is1 pre*eh't*s oten* f.\ " * *

- '*'' ''' ' ' '*'• : '• ' - - ' - - ' ••• '•'*•-*
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A map of coffinite saturation values for the Wyoming site is shown in
Fig. 11. The SI plot for uraninite (not shown) has a similar appearance. The
probable location of ore indicated in the figure again correlates well with
increasing SI values.

Fig 11, Map of the Wasatch Site, showing well locations (•). contoured saturation indices
wun respect to coffinite. and the location of the mineralized zone (crosshatched area).

4 ;

SI
.A.

pH '- pH

Fig 12 Coffinite and uraniniu saturation indices and pH in groundvaten at ihe
Sit* along profile A-B in Fig 11.

., ..• .-..••/... .•<„.••••"'•• ••" ••. ' - .•* • • • . ' . * ' ' ..•'.•.-•-•• ',- ••.'•
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u

Fig 13 Uranium concentration* and radium activitiei in ground waters it the Wasatch
Site along profile A B in Fig. 11. Vertical arrows denote uranium concentrations below
the detection limit of 10 ppb.

A profile .4-5 in'Fig. 11 is approximately perpendicular to the present
groundwater flow direction (assumed to the northwest), A plot of uraninite
and coffinite SI values and of pH along A-B in Fig. 12, shows that maximal
SI values occur in the ore zones. Again, pH minima occur within the ore
zones. As before this may reflect slight oxidation of pyrite present there.
Profiles of U and Ra in Fig. 13 show that both elements vary approximately
parallel to the saturation indices, with maxima in the ore.

As at the OakviHe site, profiles of Fe and SO« in Fig. 14 are roughly
paraUei within mineralized zones, probably reflecting mild pyrite oxidation.

SO,
so.

Fe •::•

*.*•„
' * * "Ftf 14; SuffaU and ifdn" eon'centrauohi in gri

..*.; yj«ij>R». ii.- , y/<,:•• ;'• A »v'- ••. •*"'
tJVe vfeatctt'Site a]oKr>fcrf«e*

- r • • . • • . « • • • • • • * " > - • " , - . . * •
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Fig. 15. Vanadium, arsenic, and selenium concentrations in groundwaters at the Wasatch
Silt along profile A-B in Fig 11. Vertical arrows indicate that concentration* in the sam-
ples so labelled and in samples to the ieft and right of them, respectively, were below
detection.

Most V, As. and Se concentrations are below detection limits (Fig. 15) and
are thus relatively poor ore pathfinders at this site. High values are present in
one ore body, but values are below detection in the other.

'•-. :*.t?. »»•>••.••.•£:>•

CONCLUSIONS AND DISCUSSION

Whether in oxidized or reduced sar.dstone-type deposits, uranium miner-
al-solution equilibria plotted in groundwater maps and profiles provide the
most reliable index to the location of uranium deposits. Saturation index
maps will -often indicate Jhe- direction to or* at significant distance! from.

*the-acrtarore zone : ' • • • " ; - ' " • -••• V.'.-*-.i ' • • •• • " • - • • . - • . . ~
Uranium alone and vanadium in oxidized deposits of camotite and

tyuyamunite are apparently the next best indicators of ore among the
species considered here. Uranium itself may be a useful regional pathfinder
in oxidizing groundwaters, because of its great mobility under acid or alkal-
ine conditions, but anomalies may be displaced by groundwater flow (Dyck,
1975; DeVoto, 1978). Uranium anomalies may even be entirely misleading
as in northeastern Colorado and southeastern Wyoming (Childers. 1979)
where large anomalies have been proven by drilling to be related to only
traces of uranium mineralization. Childert (1979) also reports water samples
tfyat qpntain less than 2 ppb uranium Jrom reduced aquifers io closp proximi-.
ty to ore bodies. • ' '

Radium data are useful, but Ra maxima may also be displaced from the
-ore, v)ne. by.groundwater flQw..Pyck 1̂37-51 reported that-because-.pf. its
.lhori;h«Jf.WjB-^,3;8.<i^sj.»dp9.U-best suited ^o-.use.in sejru-deta^ed^epi
"chemical" exploration.sji.weyf. Radiu'ch mobility fs Hxntfed to a'-Iarge e.x£ent>
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by its adsorption onto Fe and Mn oxyhydroxides. clays, and organic matter
(Rose and Komer, 1978), as well as coprecipitation with sulfates such as
barite and probably also gypsum. In the analysts of groundwaters from over
300 wells in the Helsinki region, Asikainen and Kahlos (1979) reported large
concentrations of U, Ra, and Rn, but found no significant correlation be-
tween U and Ra or U and Rn in individual well waters. Nevertheless, U, Ra,
and Rn correlated strongly with each other on an area! basis.

Arsenic, Se and Mo are occasionally helpful ore pathfinders in oxidized
deposits where they occur as soluble oxyanions, but they tend to be below
detection limits in reduced sediments, except within some ore zones. In the
latter case their low concentrations reflect the insolubility of native As and
Se. and of sulfides and selenides containing these elements.

Utilizing saturation indices for uranium minerals in groundwater. although
promising as an exploration tool, does have limitations. In this study it was
necessary to estimate values for Eh and such species as K, Ca. Mg, Cl and Si.
Obviously, accurate field-measured values for DO or Eh, and pH. and com-
plete laboratory analyses of filtered samples for their dissolved species con-
tent would have been preferable. In spite of the estimates needed to com-
pute mineral-saturation status in this study, maps of the saturation results
were shown to be an excellent guide to the location of uranium ore bodies.
We conclude that a similar approach could be taken elsewhere with equal
success, utilizing groundwater analyses, and geologic and hydrologic data al-
ready available in reports provided by the SURE program and from in-
dustrv.

ACKNOWLEDGEMENTS

We thank David Shuck and R.E. Iwamcki of Wyoming Mineral Corpora-
tion (WMC) for providing us with copies of reports prepared by WMC

«' poftioo>-
Annamalai
a similar report prepared by IEC describing the western portion of the Oak-
viUe Site (Anonymous, 1978b). RE. Iwamcki of WMC and Velu Annamalai
of IEC also graciously contributed additional information for the Oakviile
Site, and granted us permission to take field Eh and pH measurements, and
to collect water samples from selected wells at that site. A review of tr.r
paper by Martin B. Goldhaber :s greatly appreciated. This research was
funded by the U.S. Department of Energy through Subcontract 79-ocI-E
administered by the Bendix .Field Engineering Corporation of Grand
Junction. Colorado (Technical Monitor: Newton K, StablV.r. }.

REFERENCES
'

* '•' , . .
*••- Bb*rd.R»p.,lS8, Austin

.... .1 ... -
. n 4 y 6 t f r ^

',~' -V"5- '" *' ' »'*? -^

: * • .t
"?.../•* **•** • *•.!



asag

196

Anonymous, 1978a. In-Situ Permit to Mine, Wyoming Mineral Corporation. Lamprecht
Site, Live Oak County. Texas. Texas Water Quality Board, Austin, Texas.

Anonymous, 1978b. In-Situ Permit to Mine, International Energy Corporation, Zamzow
Site, Live Oak County, Texas. Texas Water Quality Board, Austin, Texas.

Anonymous, 1978c. In-Situ Permit to Minis, Wyoming Mineral Corporation, Irigary Pro-
ject. Johnson County, Wyoming. Wyoming Department of Envir. Qua) , Land Qua!.
Div., Chenne, Wyoming.

Applin, K R. and Langmuir, D., 1978. Ground water geochemistry as a prospecting tool
for uranium deposits in Pennsylvania. The Pennsylvania State Univ., U.S. Oep. of
Energy. Grand Junction Office. Contract No. E(05-l)-1659: 145 pp.

A/endt. J.W.. BuU. T R., Minkin. S.C.. Mitcheil. H.L., Kane, V.E., Cagle. G W and Bald-
win. J S.. 1978. Hydrogeochemical and stream sediment reconnaissance basic data for
Seguin NTMS quadrangle. Texas U S Energy Resources Devel. Admin , Nat. Uranium
Resource Eval Program. Open File Rep. No. K/UR-108 39 pp.

Asikamen, M. and Kahlos, H., 1979. Anomalously high concentrations of uranium,
radium, and radon in water from drilled wells in the Helsinki region. Geochim. Cosmo-
chim. Acta. 43: 1681-1686.

Brown, E.. Skougstad. M.W. and Fishman, M.J., 1970. Methods for collection and analy-
sis of water samples for dissolved minerals and gases. U.S. Geol Surv.. Techniques of
Water-Resources Inv . Book 5. Chap Al 160 pp.

Cadigan, R.A. and Felmlee, J.K., 1979. Uranium source potential estimated from radium
and radon concentrations in waters in an area of radioactive hot springs In. J R
Wattenon and P K. Theobald (Editors). Geochemical Exploration 1973. Proc. Seventh
Intl Geochem Explor Symp Aisoc Explor Geochem . pp 401—406

Childers. M 0 . 1979. Exploration for uranium deposits-geology In J G Morse (Editor).
Uranium Resource/Technology. Seminar II Colorado School of Mines. Golden. CO.
pp 32-74.

DeV'oto. R H.. 1978 Uranium exploration In J G. Morse (Editor). Uranium Resource
Technology Update. Front End of the Nuclear Fuel Cycle. Seminar Proc Coloraco
School of Mines, Golden. Colo . pp 1—*3

Dyck. W . 1975 Geochemistry applied to uranium exploration Geol Surv Can Pap
75-?6 33-47. ^ . . . . . . . . . •• 4 • a '.'• : . - - . . . . . . .'• - ••

'*••"•* * ' • • •* • ' v •» "co.^ntj* of*-will'\fraterv* farbohiferous' Basin. Eastern' Canada "Fe*dera/-?ro'vincial
Uranium Reconnaissance Program Canada Dep of Energy Mines and Resources. Geol
Surv Can , Ottawa. Open File Rep No 340

Galloway. W E.. 1977. Cauhoula Formation of the Texas coastal plain depositional
systems, composition, structural development, ground water flow history, and
uranium distribution Univ. Texas at Austin. Bur of Econ Geol Rep of Investiga-
tion No 87 59 pp

Galloway. W.E . 1979 Jackson and Catahoula systems of the Texas Gulf coastal ?!a:n
In WE GaJloway. C W Krei t ier . and JH McGowen (Edi to rs ) . Deposi:;onal and
Groundwater Flow Systems in the Exploration for Uranium, A Research Colloquium
Uniy .Texas at Austin. Bur of Econ Geol Pub! . pp 181 — 137. •

Goidhaber. M B . Reynolds. R L and Rye. R A . 1976 Origin of a south Texas ro l l - type
.. . , oyiqium deposit, EanC Sulfide petrology a/id-sulFurniotQf>i'cjt«di" £sor» Gf<tl''!3 ' . . » . ' . •

1690r-1705.
Goidhaber, MB. , Reynolds. R L. and Rye. R O., 1979 Formation of resulfidization of a

south Texas rolr-tupe uran$m d«postt U S.'Geol, Surv. Optn Fjlejlep. J9-J651. 41. ..... .. ^
• •-*••-•**••"•'*'•'• '• • "• • 'pp! ••*'*• •"'••' •'* /*""•"••' *""* ** _ • ^*" ; * *• •_* *' _ ".* v * " ' . _ _~~,-' .

^-v ..'^. ,..;.. ̂ ^__.\.' ^jji ^_^u/»^i«'AH^-j o<»:-rVj.t«MU'..',fr«».^KX^^L*^.v^'/rkV^»7ij* ^r*.'xri"'•..'"' • • . - / • / ' -
-* > ... type uranium deposits^ Econ. Geol.; 64. 16Q»;1-71. • ; •,-\ ' ,•..'..;• ', ' i" . . ' . . •"

'" Howard, J.H.*. ul,'19*7 Geochemistry of selenium: formation of ferroselite and selenium
behavior in the vicinity of oxidizing sulfide and uranium deposits Geochim Cosmo-
chim Acta, 41 1665-1678.



197

KJohn, M L and Picken*. W.R., 1970. Geology of the Felder uranium deposit. Live Oak
county, Texas Paper presented at AlME Annu. Mtg., Denver, Colo. Feb. 15-19, 1970.
Mining Eng Soc. Preprnt No. 70-I-38: 19 pp.

Langmuir. D.. 1971. Eh-f. determination. In: R.E. Carver (Editor), Procedures in Sedi-
mentary Petrology. Wik-j , New York, N. Y., pp. 597—634.

Langmuir, D., 1977. Uranium solution-mineral equilibria allow temperatures with appli-
cations to sedimentary ore deposit*. The Pennsylvania State Univ., U.S. D«p. of
Energy. Grand Junction Office, Contract No E(05-l )-1659. 39 pp.

Langmuir. D., 1978. Uranium solution-mineral equilibria at low temperatures with appli-
cations to sedimentary ore deposits. Geochim. Cosmochim. Acta, 26: 547—569.

Langmuir. D and Whittemore, D.O., 1971. Variations in the stability of precipitated
feme oxy-hydroxides. In1 J.D. Hem (Editor), Nonequilibrium Systems and Processes
in Natural Water Chemistry. Adv. in Chem. Ser.. 106: 209—234.

Lueck. SL,. 1978. Computer Modelling of Uranium Species in Natural Waters M Sc
Thesis. Univ Colorado, Boulder, CO, 170 pp. (unpubl.).

Lueck. SL., Runnells, D.D. and Markos. G., 1978. Computer modelling of uranium
species in natural waters: Applications to exploration. Geol, Soc. Am., Abstr. with
Programs, 1978, Annual Meetings. Toronto, Canada, p. 448.

McNaily. J. and Langmuir, D., 1977. A comparison of uranium mineralization potential
based on WATEQ calculations and findings of the NURE program in Kent and Dickens
Counties. Texas The Pennsylvania State Univ., Unpubl. Rep., 12 pp.

Nichots. C E., Kane, V.E., Browning. M.T and Cagle. G W , 1976. Northwest Texas pilot
geochemtcal survey, U S. Energy Resources Devel. Admin., Natl. Uranium Resource
Eva! Program.

Nichols. C E.. Buu, T R , Cagle. G W. and Kane. V E., 1977. Uranium geochemtcal survey
in the Crystal City and Beeville quadrangles, Texas. US, Energy Resources Devel
Admin, Natl. Uranium Resources Eval Program Open File Rept. No K, UR-5: 132
PP

Plummer. L N" . Jones. B F. and Truesdell, A.M.. 1976. WATEQF — A Fortran IV version
of WATEQ. a computer program for calculation chemical equilibrium of natural
waters U S Geol. Survey. Water Resources Inv. 76 13 pp.

Rose. A W and Korner, L.A., 1979. Radon <n natural waters as a guide to uranium depos
its m Pennsylvania -In. JR. Watterson and P,K, Theobald (Editors). Geochemicaf '

•« 6xp1o;*tio*1978APrcfc,»Spe'rt»h-InV'Ge'ech«^;tx^^^. rd**::**-*^*..'*.*- .•» r^N" *-•••*•*•£«•*•. :*-/.-.-var: v- «*•-..*.
Runnells. 0 D., Lindberg. R., Lueck. S L and Markos, G.. 1980. Applications of com-

puter modelling to the genesis, exploration, and in-situ mining of uranium and vanadi-
um deposit* New Mexico Bur Mines Mem. on the Grant* Mineral Belt tin press)

Weeks. AD and Eargle. D H . 1963 Relation of diagenetic alteration and totiformmg
processes to the uranium deposits of the southeast Texas coastal plain Ciays C'.av
Miner . :0 23-41

Whittemore. DO and Langmuir, D, 1975 The solubility of feme oxyhydrcxides in
natural waters Ground water. 13(4): 36' — 365

./- *

• .... • • * • • • '.-*• .••. - " -

j\< v\ •> .V*.'- ̂ ;^-^viv^^W.!-*'X"»i>: fc^'^A-'-^Xv
.*:.:. - V- - :.•••.-.,:v;.--- r.-*"1.''^"':-'::- • ?-. .'•••"• '.'V*-^•**•'** V*<«v.%»-



REFERENCE #31

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



ard-

•valu-
i32
oo-

distri-
uiKty
Men

npor-
. thus

ited
is a

•riurn

nd-
rela.
a for

Iso,
irml

itity
"ers

in
Jb-
7?)
ids
of

tut
ir-
ow
her
cf.
P«

•lie
•ve
-e-
th
.ie
j-
te
A
of

d
se
!S

I.

-S

*s

that
. - i-.i-»J'v-̂  „ "•*»«"*»organic add In soiu8c* ifJK

kyer. LMUN ($979) noted that f*U _
exemplified by those fron wheat) contaJfl^okaBc and
citric acids amoog others. He akb showed (hat pine
tree root exudates contain oxafic acid It « likely,
therefore, that citrate and oxalate are not uncommon
in natural waters, although their concentratioos will
usually be much lower than those of humk tub-
stances.

EDTA was included in our study more as a type*
ligand than as a specific constituent in natural waters.
EDTA was chosen as an example of a multidentate
organic chelating agent which forms an extremely
strong complex with thorium. In fact one EDTA
group can completely satisfy the coordination re-
quirements of the Th4* ion. Communications with
MALCOU* (1980) and WEBER (1980) suggest that
EDTA may be equivalent in completing ability to
some aqueous humk species. Abo, the present and
proposed use of EDTA in cleansers and decontamin-
ants in laboratory research and in large-scale decon-
tamination operations involving radionuclides at
nuclear facilities (cf. AYRES, 1970; MEANS et aL. 1978)
makes its consideration here the more appropriate.

The wastes from clean-up operations at such facili-
ties are treated and disposed of in a variety of ways,
but quite often end up in near-surface tanks or
trenches at radioactive burial sites (CERRE and
MESTRE,- 1970). There, agents including EDTA can

observed nrfgraSoo #rCo and
indudi&f thorfun, from ptts tad trenches at the Oak
Ridge National Liboratory burial ale, The mobile
species were identified a* dissolved complexes of or-
ganic Hgands. particularly EDTA. These authors
found an EDTA concentration of about 98 ppb in
weQ waters near disposal trenches at Oak Ridge

THE THERMOCHEMICAL DATA
The thermodynamic data for thorium minerals and

solutes at 25*C and 1 atm total pressure are fiven ia Table
1. Table 2 lists thermodynamic data for non-thorium min-
erals and solutes used to derive the data in Table I. Foot-
notes to the tables explain the data sources and methods of
calculation. Such data was unavailable for citric acid or
EDTA, or for their thorium complexes. However, stability
constants for these species were available and are given in
Table 3. The data in the tables are considered internally
consistent

A number of Russian authors have proposed that thor-
ium carbonate complexes are important in alkaline waters
(cf. SHCHEUINA and ABAUKOV. 1967). No thermodynamic
data exist for such species, which in any case are unlikely
to ever be significant Thus, at alkaline pHs, thorium
occurs chiefly as the strong neutral Th(OH)S complex
which will have littk tendency to associate with carbonate
ion.

In Fig. 1 are plotted entropies (5° values) of thorium

+2 *1 0
Charge of Complex

Fig. 1. Enlropy vs valence for thorium ton and some thonum complexes on a monalomic basis.
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Abstract—Thermodynamic properties of 32 dissolved thorium species and 9 thorium-bearing solid
phases have been collected from the literature, critically evaluated and estimated where necessary for
25°C and 1 atn^rjressufer'Ahfibugh the data are incomplete, especially for thorium minerals and organic

•"TK5mpfexes,~~iome tentative conclusions can be drawn. Dissolved thorium is almost invariably complexed
.in natural wajgyTorelarnpTej'based'on'ligancf concentrations typical of ground water (XCI -"lOppm.
~!F » OTppm, ISO« «* 100 ppm, and ZPO« - 0.1 ppm), the predominant thorium species are
Th(SO,)S. ThF|*. and ThtfiPO^ below pH ft 4.5; TWHPO^' from about pH4.5 to 7.5: and
ThtOHfi above pH 7.5. Based on stability constants for thorium citrate, oxaJate and EDTA complexes,
it seems likely that organic complexes predominate over inorganic complexes of thorium in organic-rich
stream waters, swamp waters, soil horizons, and waterlogged recent sediments. The thorium dissolved in
seawater is probably present in organic complexes and as Th(OH)J. The tendency for thorium to form
strong complexes enhances its potential for transport in natural waters by many orders of magnitude
below pH 7 in the case of inorganic complexing, and below about pH 8 when organic complexing is
important. The existence of complexes in addition to those formed with hydroxyt. is apparent from the
fact that measured dissolved thorium in fresh surface waters (pH values generally 5-8) usually ranges
from about 0.01 to 1 ppb and in surface seawater (pH — 8.1) is about 0.00064 ppb. This may be con-
trasted with the computed solubility of thorianite in pure water which is only 0.00001 ppb Th as
Tb(OH)2 above pH 5. Although complexing increases the solubility of thorium-bearing heavy minerals
below pH 8, maximum thorium concentrations in natural waters are probably limited in general by the
paucity and slow solution rate of these minerals and by sorption processes, rather than by mineral-
solution equilibria.

INTRODUCTION

THE THERMOOYNAMC properties of dissolved thorium
species and thorium minerals can be used to compute
solution-minera! equilibria relations. These theoreti-
cal calculations tell much about the possible con-
ditions for and extent of thorium mobility. Such infor-
mation helps us to understand controls on thorium
concentrations in ground water, and to predict the
risk of thorium release in leachates from mining ac-
tivity and radioactive wastes.

Thorium is found in nature only as a tetravalent
cation. The element usually occurs in geologic ma-
terials as a trace constituent in solid solution in phos-
phate, oxide and silicate minerals, and sorbed onto
clays and other soil colloids (HANSEN, 1970; Bos-
DiETn, 1974). It occurs as a major species only in a
few rare minerals such as thorianite (ThOj), and thor-
ite (ThSiO*). The former mineral is isomorphous with
uraninite, the latter with zircon. For this reason a
large part of naturally occurring thorium is found
incorporated in the zircon structure. The chief source
of thorium is monazite (Ce, La, Y, Th) PO4 which
usually contains 3-9% and up to 20% ThO,. Along

with zircon, monazite is concentrated with other re-
sistant heavy minerals in stream and beach sands
(RANKAMA and SAHAMA, 1958). Igneous UO2 can
form a complete solid solution with ThO2 (ROGERS
and ADAMS, 1969). Most Th host minerals are highly
refractory to weathering and tho. ,um has long been
considered a very insoluble and immobile element in
natural waters.

Data on dissolved thorium concentrations in
natural waters is generally of poor quality or nonexist-
ent Few researchers have distinguished carefully or
at all between the thorium in true solution, and that
associated with suspended matter. For this reason it
must usually be assumed that reported thorium con-
centrations are the maximum possible amounts dis-
solved.

MOORE and SACKETT (1964) measured 0.00064
+ 0.0002 ppb Th in two centrifuged Atlantic Ocean
surface water samples. Because this is among the low-
est seawater values reported (see ROGERS and ADAMS,
1969), and because the salinity and cations present in
seawater tend to flocculate colloidal materials, this
value should closely approximate the dissolved thor-
ium present SoMAYAiutu and GOLDBERG (1966)

1753
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which "were sometimes higher and
thani'tfidr surface ocean value*. "1 "^J^"*:"'•'. . :

KAMATH et aL (1964) obtained 1.1-17 ppb Th in
five surface waten from non-uraaiferous area* in
lodi*. The samples were passed through a 10 ja filter
before chemical analysis. MIYAKE et d. (1964) found
OQOS?-OiO<5ppb Th in ten Japanese river waters.
Samples were passed through a 5>m filter before
analysis. Based on a sampling of (filtered?) waters
from five lakes and eleven streams In California,
Nevada and Utah, THUKBEX (1965) reported
0.08-0.4 ppb Th with a few values <0,03 ppb.

DEMENTVEV and SYROMYATNWOV (1965) measured
Th in some spring and well waters in granite, weath-
ered mantle and alluvium on granite. For 6, dear
(unfiltered) ground waters, they obtained 0.2-0.9 ppb
Th, whereas, 2 anomalous waters showed 7 and
40 ppb. Both OSMOND (1964) and KAMATH et aL
(1964) studied thorium in ground waters of different
temperatures. Osmond presumably analyzed unfil-
tered waters from carbonate rocks. Kamath and his
coworkers passed weir samples through a 10 fan filter
before analysis. Both studies reported Th concen-
trations increasing with ground water temperature.
Osmond obtained 0.1 to 2 ppb Th in 4 waten having
temperatures from about 25 to 91 *C respectively.
KAMATH et aL noted that Th concentrations increased
from 0.27 to 0.74 ppb in three spring wafers with tem-

( In four surface and ground waters from areas
uranium mining, KAMATH et aL (1964) found!
1.9-5.4 ppb Th. Based on the Russian literature,

, DRQZDOVSKAYA and MEL'wr (iv68) concluded that
\as much as 0.1-10ppb Th can occur in 'ground and
.mine waters'. Even higher Th concentrations (up to
?38 pom) have been recorded in seeps and ground
Waters associated with uranium mining and milling in
the U.S-\. and Canada (see KAUFMAN et aL, '976;
MOFFETT and TELLIER. 1978). These situations are de-
Scribed in detail later in this paper.

Admittedly, much or most of the thonum reported
in the above studies must be in suspended matter, not
•n true solution. Nevertheless, even the surface sea-
water value measured by MOORE and SACKETT (1964)
exceeds the solubility of thorianite which is
0.00001 ppb Th as Th(OH)2 above pH 5. The available
data therefore suggest that the concentration of Th in
natural waters and therefore its mobility, is greatly
increased by thorium complex formation.

The behavior of thorium in aqueous systems has
been summarized by AMES and RAI (1978) and RAI
and SERSE (1978). They have published solubility vs
pH diagrams for thorianite, Th(OH)4. ThF4 and thor-
ium phosphate solids. However, their diagrams are

i'^ ^

i fiport contains •«
'of the fhenaodynamic data Jbr 9 j

thorium species indVtdtny organic «*»•
plexes. These data are then used to evaluate the distri-
bution of thorium aqueous species aod the solubility
of thorianite at various figand concentrations chosen
to simulate those found in natural waters. The impor-
tance of thorium complexes to thorium mobility, thus
Jar a matter of relative ignorance, has been estimated
from these calculations. The report abo includes a
brief discussion of the role of sorption in thorium
mobility.

THE CHOICE OF ORGANIC
LIGANDS

The selection of inorganic ligands and correspond-
ing thorium complexes for consideration was rela-
tively straightforward in that thermodynamic data for
these ligands and complexes was accessible. Also,
typical concentrations of inorganic ligands in natural
waten are wefl known. In contrast, both the identity
and concentrations of organic ligands in such waters
are poorly known.

The bulk of the organic material dissolved in
natural waten has been described as humic sub-
stances. According to RJ-UTEX and PEMXJE (1977)
most of this material resembles the fulvic acids
present in soils. A representative concentration of
humic fjifestances~1n_siirfaee--waiers~ffiay be about

(REUTER and PERDUE, ibid.), whereas the aver-
age concentration of humic substances in shallow
ground waters may be nearer to 1 mg/L Higher
amounts are likely in most soil waten (100 rng/i, •*
McKEAGUE et aL, 1976). The acidic functional groups
present in natural fulvic acids (carboxyl and phenolic
hydroxyl groups) vary in both strength and relative
abundance (ScHNrrzER and KHAN, 1978). Conse-
quently, stabilities of metal fulvic complexes vary with
solution composition and with pH. This makes the
use of such stability data impractical in model calcu-
lations. For this reason we have selected citrate
(C6H5OD. oxalate fCjO;') and EDTA
(C^HuOgN*"! to exemplify the probable role of
thorium-organic complexes in natural waters.

The occurrence of oxalate and citrate in soils and
some natural waters supports our choice of these
ligands. Oxalate is present in many plants and is
released upon organic decomposition (LEAVENS, I960).
LJND and HEM (1975) reported oxalic and citric acids
as two of the principal organic acids in forest soils
and Utter. GRAUSTEIN et al. (1977) identified whewel-
lite and weddellite, calcium salts of oxalic acid, as
common phases in the fitter layer of soils. The same
observers measured 900 ppb of dissolved oxalate at

tf-fe
*WW**V?*<| w^— \!^"-——*-^ -
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muaOjr t* much tower
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Mineral or aqueoui ipeck*

ThOrfc)
ThOj(c) thorianite

ThSiO^c) thorite (huttonite)
-

TWHPO,), 4H,CXc)
ThCjOi*
Th(C204)S
Th(C204)r

(kcal/moV

-1I3J

(-246J)

(-306.5)

(-368.4)
(-438.4)
(-489.4)

(-1224)
(-2019)
(-449.5)

-293.12

-265.15
-346.1
-427.1
-508.1
-501.4

(-6812)
-223.7

-283.6
-397.2
-611.0

(-450.3)
(-762.3)

(-1070)

-1614

-220.7

-2713

(-3215)
-373.5
-441.8

-1098.3
-1810,6
-408.0
-273.2
-279J5

-246.70
-32152
-396.2'
-468.2
-478.9

(-624.7)
-201J
-2313
-264.8
-295.6
-261.6
-353.8
-537.6
-716.6
-891.8
-444.1*
-444.9
-720.9
-44J.5*
-720.2*
-9911*
-9515*
-3412
-515.9
-686.8

manSt-ftr^** ̂ *̂-.S,-

\IX7*
-101
-79*

-53*

(-36)
(-24)
-147*
-173*
-160*

(34)

15.59

(25.5)
-72
-49
_34^^^

-24
33.95
(56.0)

-83

(45.5)
-59
-22

__

__

(-60)
(-24)

(89)

__

-^- foMHHKB4- r *•- - - t * . -r • ^fJ^Jm W9j:jmm

Foam f^-i^jJH
Fuom tad , yjj^fff
(I97A ' ?-t~-~5P*
Fuon ' aad Otrmw
(1»76)
Fuoat and OETTINO
(1W6)
See footnote*
Seefootnott*
BAES and MESMEX (1976)
BAES and MESME* (1976)
BAB and MESME* (1976)
.See footnote*
Sec footnote*
CODATA (1977).
WAGMAN tt at (1977)
See footnote*
WAGMAN *» at (1977)
WAGMAN rt at (1977)
WAGMAN *t al (1977)
WAGMAN *t al (1977)
WAGMAN rt at (1977)
WAGMAN et at (1977)
WAGMAN rt al (1977)
WAGMAN et al (1977)
WAGMAN <f al (1977)
WAGMAN et at (1977)
WAGMAN et al (1977)
WAGMAN rt al (1977)
WAGMAN ef al (1977)
WAGMAN et aL (1977)
WAGMAN et aL (1977)
See footnote*
WAGMAN et al. (1977)
WAGMAN et aL (1977)
See footnotes
See footnotes
See footnotes
See footnotes
WAGMAN et al (1977)
WAGMAN « at (1977)
WAGMAN « at (1977)

*

lV.lii.* • ~~; - —rig, i. in j ( v- / r i , j_ . j.»«!---^__-.--_- __i?i : ^° va'ues based on potentiomctric measuremenis in i M ii<i^iv^4 ,„„—
and MESMER, l97~6VTh(OH)4: AC/ based on solubility of 'active' or 'hydrous' ThOj given by BAES and MESMER (19761.
assuming AC/ = 0 for: ThO2 (active) + 2H2O = Th(OH)4. S° estimated using Latimer's method with component entro-
pies from NAUMOV et al. (1974). ThOa(c): AG/ = -273.2 based on solubility given by BAES and MESME* (1976V
ThSiO4(c): Huttonite is apparently the stable polymorph at all temperatures (ROGERS and ADAMS, 1969). S° is estimated »s
the sum of values for ThO2(c) and SiO2(c) quartz. ThHjPOi'': AC/ computed from K = 10' M measured at / =« 2 for:
Th4* + H>PO4 = ThHjPOJ* (KATZ and SEABORG, 1957). ThHPOjV through Th(HPO4)j-; AC? values based on
stability constants measured al / = 0.35 (MosKV(N et aL. 1967). S° values estimated from Fig. 2. Th(HPO4)j -4H2O(c)'- - ...—..... .. ., ,IQAH at ; = 0.35. S° estimated by Latimor's method with com-
III T . .J . __.

stability constants measured al f = 0.35 (MosKViN v. _...
AG/ based on solubility measured by MOSKVIN et al. (1967) at /
ponent entropies: S° (Th) = 15.9, S° (HPO») = 15 and 5° (H»O)

values esumaieu num > '5- - ::•-•_- --••
0 35. S° estimated by Latimor's method with
10.7.

complexes vs their charge, where the entropy values a«
reasonably well known based on calorimctnc or poten c-
metnc measurements. This plot was used to est.ma e entro-
pies of other monorneric complexes of the same valence^
values for the OH polymers are also plotted for compar,
son purposes in Fi& 1. where S° (plotted) = S° polymer/x.

[.< is the number of thorium atoms in the polymer, and the
charge of complex (plotted) = charge of polymer x].

Table 3 lists the cumulative formation constants of thor-
ium complexes with their formation reactions written

OB"
HF*.r-

HPOJ-
H,POj
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\ \!i^
Miami or

aqueous tpedei
**j(jJ
Oj|i}
HjQ^lj
OH-
HF*
F~a*POJ-
HPOJ-
H,P04-
H»POS
SiOj(c) quartz
SiOjiam)
H4Si02
H,SiO4
H,Si04-soj-
HSO4-
HjC202
HC20;c,o|-

'*f&F$t$jjt'' ^*

-%'W7

9
C

-68J1S
-54977
-7497-tais
-39.933

-305J
-308.13
-309.82
-307.92
-217.66
-215.33
-348.30
-34118

—
-217.40
-212.16
-194.7
-195.6
-197.2

BftHw iJW^ 1Z3Wte{le»l/nx>D
0
0

-56,687
-37^04
-71,61
-67J4
-31J79

-243J
-260.34
-270.17
-273.10
-204.66
-20Z91
-312.58
-299.18
-281.31
-177.95
- 180.67
-168.6
- 166.93
-161.1

31.207
49.005
16.71

-1560
2109
-MS
13J6

-53
—10
21.6
37J
9.91

11.8
45.1
20.7

— -
4.50

3U
44.4
35.7
10.9

CODATA ulM '̂'- ••
COOATA pWW * ' • - '- "•
CODATA |ttM| ̂  "
CODATA a«flT^ .
PAUOK * A (1976)
PAiuaa tt d. (1976)
CODATA (197«)
WAOMAN « aL (196S)
WAOMAN tt «L (196»
See footnote*
WAGMAN « aL (1968)
CODATA (1976)
See footnotes
Se* footnotes
BUSEY and MESMEX (1977)
BAES and MESMEX (1976)
CODATA (1977)
Set footnotes
Sec footnotes
WAGMAN tt el. (1968)
WAGMAN tt oL (1968)

: WAGMAN a at. (1968) give AG? - -260.17kc*l/tDol, wnicb it apparently a
misprint The tabulated value is consistent with well established stability constant data
and with the tabulated A/// and 5° values. SiOj(am): <4G° based on the stability of
amorphous silica from 0-250 C, written SiO,(am) + 2H2O - H4SiOj, for which log
[H«SiO2] molar » -0.259-731/T(K) (FounNBX, 1976). KILDA.Y and P»OSEN (1973)
measured AH? - 2.22 ± 0.07 kcal/mol for SiOj(quaru) - SiO^am) from which
AHJ - -215.33 and combined with AG? from FOUHNIER (19761 S* - lUcal/mol deg.
The temperature function of FotustEn (1976) leads to S" - 10.5cal/mol dej. H4SiOf:
Data based on teg[H4SiOj) molar - 0.394-1310, T(K) from 25-250°C for quartz solu-
bility written SiOj(quartz) + 2H,O - H«SiO2 (Mo«EY « a/, 1962). HSO^: AH?, AGf
and S° adjusted relative to values for SOi~ assuming properties for th« reaction
H * +• SOj" = HSO« unchanged from properties computed using values given by WAG-
MAN tt al. (1968). HjCjOS: MART-ELL and SMITH (1977) list teg K - 1.252 and
AH? = 0.9 ± 0.1 kcal mol for H* + HC:O; = H2C2O2. The data for HjdOS are com-
puted from this information and tabulated results for HCjOi" and CjOj". The properties
of H2CjO2 listed by Wagman et al, are in error.

In this expression L is the hgand of valence : and n is the
number of ligand groups in the complex. In some cases, for
comparison purposes, more than a single source and con-
stant are listed in Table 3. Sources of the data chosen for
inclusion in Table 1 are indicated in the 'Source' column of
that table. The stability constants and entropies of the
Th-OH complexes given by BAES and MISMEK (1976) have
been adapted here. These authors provide a more complete
description of the Th-OH system than do WAGMAN ei al.
11977). who give only data 'for ThOHJ". ThtOHlj" and
the dimer Th;(OH)t". Entropies of the first two fo these
species given b> Wagman ff ul. are -82 and -52cai mol
deg respective!), m good agreement with the tabulated
values.

Data are unavailable for complexes between Th** and
H^StOj or HjSiOi , however, such complexes are !ikel> to
be important in acid, silica-rich waters. No empirical
Ihermodjnamic values are available for thorite

Writing the solubility of ThOj(thoriamte) as
ThO. * 2H.O = Th" -t- 4OH'

us to compare the stabilities of ThO2 and
Thus. AC,, [Th(OH).}= IO-""6: and K,,
= IO'*" ' hased on 'solubihtv measurements

^Ported m BAJS and MtSMtR !I9?6S and 10'>4 : com-
^fted from the CODATA (1977) £G°f value for thonamte.
"j1* disparity between these last 2 values is disturbing
™>»ev«r. the full range of K,, values of 1 6 log units «:par-

*n8 the amorphous and crystalline Th oxides and hv-

droxides is perfectly possible for a quadravalent cation
such as Th**. Approximate solubilites of Th(Oh)4 and
ThO2!c) as a function of temperature to near 300'C are
reported by ROBINS (1967).

DISSOLVED THORILM SPECIES

Cumulative formation constants of the complexes
vs Hgand number are plotted in Fig. 2. In general, the
stronger the 1:1 complex, the more likely that an im-
portant 1:2 and 1:3 complex will also exist. Weak 1:1
complexes as are formed with Cl". NOJ. and HjPO4
indicate that higher order complexes will also be
unimportant. Strong complexes are Formed with
HjPO«, SO«~ and F". The strongest common in-
organic complexes are formed with OH" and
HPO4~. The organic species, oxalate. citrate and es-
pecially EDTA. form strong complexes with thorium.

Application of the stability constant data shows
that thorium in natural waters is usually complexcd -
with sulfute. fluoride. phosphate, hydroxide and &f- C
game antons. These complexes greatly increase the
solubility of thorium minerals and the mobility of
thorium in surface, soil and ground waters. To

f--*
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denote <
complex b shown, «a tsterisk indfeates 1
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Complex LogJC

ThOH»*

Th(OH)l*

Th(OH)j
TNOHB
ThF"

ThFj*

ThFJ

ThFJ

ThCl5'

ThCIJ*
ThCl,*
ThClJ
ThHPOj*
TWHPO,)?
Th(HPO.)i-
ThHjPOj*
TNHjPO*)!*
ThHjPOt*
ThSOi*

TNSOJS

TWSO»)j"

Th(SO.)i-

ThNOf
Th(NOj)i~
ThC.Oi'
TWCjO*)?
Th(C2O4)j"
ThC»H,O-r
Th(C»H<Ot)i~
ThEDTA"
ThHEDTA '

tag*
IO2
21.07*
21.23
(3tt3)
40.1
144
8.03*

15.06
14.25*
19.81
18.93*
23.17
22.31*

1.35
1.09*
0.80
1.65
1.26

10.8
22.8
31.3
4.52
8.88
1.91

(6.17)
5.45*

(9.59)
9.73*

(10.34)
10.50*
(8.27)
8.48*
0.94
1.97
9.30

18.54
25.73
13.00
20.97
25.30
1702

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.35
0.35
0.35
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0.5
0.5
O.I
0.1

BAES nod MESMEU (1976)
WAOMAN <t «i (1977)
BAES find MESMER (1976)
WAOMAN tt *L (1977)
BAES <uxf MESME* (1976)
BAES and MESMER (1976)
BAUMAN (1970)
WAGUAN tt aL (1977)
BAUMAN (1970)
WAGMAN *( aL (1977)
BAUMAN (1970)
WAGMAN tt aL (1977)
BAUMAN (1970)
WAGUAN et aL (1977)
See footnotes
WAGMAN tt aL (1977)
WAGUAN tt aL (1977)
WAGMAN et aL (1977)
WAGMAN tt aL (1977)
MOSKVIN tt aL (1967)
MOSKVIN « aL (1967)
MOSKVIN tt al. (1967)
WAGMAN « aL (1977)
WAGMAN tt aL (1977)
KATZ and SEAKRG (1957)
See footnotes
WAGMAN et aL (1977)
See footnotes
WAGMAN et aL (1977)
See footnotes
WAGMAN et al. (1977)
See footnotes
WAGMAN et al. (1977)
WAGMAN et al. (1977)
WAGMAN et al. (1977)
WAGMAN et al. (1977)
WAGMAS et al. (1977)
WAGMAN et al. (1977)
See footnotes
See footnotes
See footnotes
See footnotes

i;: At / = 0,5 KATZ and SEABORG (1957) give AC, = 2.24 for
Th*~ "••• Ci" = ThCl3" Correction to / = 0. assuming the same activity
coefficient behavior as observed for ThOHJ~ in perchloratc media IAHR-
LASD el al.. 197J|. gncs K, = 10' >5 ThSO;' through Th(SO«ll'
ALIEN and MrDowtLi U%.l) mcasure3 log K} = 0.75 and log
K4 = —2.07 for the successive stability constants of Th(SO4)3~ and
ThiSO.ll" respecuvelv at / = 0 AHRLAND e\ al. (1973) give log
Kj = 2.42 for / = 2. Rough correction to / = 0 gives log Kj = 3.42.
These data lead to stepuise differences of log (K, AC4) = 2.82 and log
(AC2 K5) = 2.67. Assuming the average of 2.75 applies to log (K, /Kj)
leads to log AC, = 6.17 at /= 0. Values based on these calculations are
shown in parentheses in Table'3. Th-citrote: NEEEU and URBAN (1966) as
reported in SILLEN and VKRff.LL' H9?U Th-EDTA and Th-HEDTA:
BOTTARI and A\DERIO<J (19671. as reported in SILLLN and MARTELL
(I97U

Fig. 2. Cumi

are presented in ter
assuming ionic str
defined by the total
plot
Distribution ofaque

The distribution >
fercnt water compc
the relative import
typical natural wa

properly judge the relative importance of these com-
plexes, we must compare their amounts in solutions
that contain typical concentrations of the complcxing
ligands.

The thermochemical data in Tables 1-3 have been
used to construct the diagrams in Figs 2-11. Math-

ematical methods needed to develop the percentage
distribution of complexes in Figs 3-8 and the mineral
solubility diagrams in Figs 9-11 are described by
BUTLER (1964). Creation of the more complicated dia-
grams was accomplished by programming the calcu-
lations on an IBM 370/168 computer. The diagrams Fig. 3. Di
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The mobility of thorium ia natural witen 1761

1

Fig. 6. Distribution of thoriurn-hydroxy and phosphate complexes vs pH at 25'C with STh = 0.0! ppb
and ZfOt = 0.! ppm.

Fig. 7. Distribution f' '^onum complexes vs pH for some typtca! ligand concentrations in ground water
at 25:C with STh = O.Oi ppb. »

100
Th(C,0H,JO,NJ)°

i.F ,3 ppm
1CI 10 ppm
i.PO. .1 ppm
ISO. 100 ppm
INOj 2.5 ppm

4 1 ppm
ilCitrate .1 ppm
iEDTA .1 ppm

Th(OH)J _

10

Ftg. 8. Distribution of thorium complexes %s pH in a solution containing inorganic and organic
at the concentrations indicated and 25 C with STh = 001 ppb
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Or

L 10 ppm

£ .1 ppm

1 ppb

.01 ppb

-15

I————| I I

Thorianite (ThO,) Solubility

ISO4 = 100 ppm

= 0.2 ppm

= 0.1 ppm

Or

PH
Fix. 9. The effect of thorium-sulfate, fluoride and phosphate complexing on the solubility of thorianite,
ThO;(cl. as a function of pH at 2S°C. The cross-hatched curve denotes the solubility of thorianile in
pure water. The curves indicating thorianite solubility as affected by complexing have been constructed

assuming each ligand present in the absence of the others.

:ouM not be considered because of a lack of thermo-
dynamic data.

The individual effects of Cl~ and NOf ions on
horianite solubility are negligible. Even in sea water
pH 8.1) with Q = 19,000 ppm, Th-CT complexing is

insignificant relative to hydroxyl complexing. For
itrate concentrations up to 1000 ppm, Th-NOj
omplexes never approach 1% of totaJ Th-OH" com-

plexes, Sulfate increases, thorianite solubility below
?H 5. as shown in Fig. 9. Dissolved thorium is
'creased by three orders of magnitude at pH 3 in the
resence of 100 ppm total sulfate alone in solution,
ioweter. except in acid mine water and raffinates.
id acid sulfate soils and H2SO4 leachates from
• drotuermal uranium ores, increases in ThO2 solu-

•ility due to sulfate complexing would generally be
nimportant. Even in seawater with SO, = 2650
im. sulphate complexes are insignifkant relative to

Or

hydroxyl complexes. Fluoride also increases ThOj
solubility in the low pH range (Fig. 9) and does so
significantly more than does sulfate alone at the same
concentration. Thus, 2 ppm total fluoride can increase
dissolved thorium from 10"* ppb to 10ppb at pH4.
Phosphate can increase thorianite solubility up to
pH7 (Fig. 9). For example, at pH4. 0.1 ppm total
phosphate increases ThO] solubility by a thousand-
fold.

In general, organic ligands greatly enhance the
solubility of thorianite at pH's below 7. As shown in
Fig. 10, 1 ppm total oxalate increases ThOj solubility
by 10' times at pH 4. Only 1 ppb total EDTA (not
shown in Fig. 10) similarly increases thorianite solu-
bility by nearly 10* 'imes at pH 5. Corresponding cal-
culations for citrate show it to be a less important
complexer than oxalate or EDTA. The final solubility
diagram in Fig. 11 despicts the effect of the combined

Thorianite (ThOj) Solubility

pH
F:JL 10. The effect of thorium-oxatate vs thorium EDTA complexing on the solubility of thorianite.
ThO.ic). as j function of pH at 25 C. The cross-hatched curve denotes the solubility of thorianite in
pure water. The curves indicating thorianile solubility as aflected by complexing have been constructed

assuming each ligand present in the absence of the other.
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Fig. II. The effect of thorium complexing on the solubility of tnorianite. ThOjfc) vs pH at 25:C in a
solution of SCI = 10 ppm. INOj = 2,5 ppm. ISO* « 100 ppm. IF = 0.3 ppm. ZPO« » 0,1 ppm. Zox-

alate = I ppm. Icitrate = 0.1 ppm and IEDTA <* 0.1 ppm.

solution compositions. ThO2 solubility with the
organic ligands present is increased five orders of
magnitude above the purely inorganic solubility at
pH 5. The range of increased solubility extends up to
pH8. whereas inorganic ligands alone significantly
effect solubility only below pH 7.

Qualitative calculations by AMES and RAJ (1978)
suggest that in the presence of calcium phosphates.
thorium phosphate solids may be even less soluble
than thoriantfe above pH 6. However, because their
results were obtained without considering complexes
such a conclusion is tenuous.

SORPTION OF THORILM

Most studies of thorium-sorptiqn into, naturaJ ma-*'
teriak have aft best fed*to quab'Uuve results. The bulk
of such work has involved measurement of a distribu-
tion coefficient. K* defined as the radionuclide con-
centration on the solid/weight of solid, divided by the
radionuclide concentration in solution solution
volume. Such values have rarely been determined
with adequate consideration of the detailed miner-
alogy and surface chemistry of sorbent phases, or of
the solution, including its speciation and reaction
chemistry fcf. DAHLMA.V et al.. 19761. AMES and RAJ
11979. pp. 2-30) summarize some of the common defi-
ciencies in such work. Nevertheless, some useful infor-
mation on the sorption behavior of thorium has been
obtained.

The adsorption of thorium ontq clays,.oxides aqti*
k organic matter increases Vitn Increasing pH and is,
.practically completeal$H63(ti&iohm. I9?4 Inhi",
otfion of adsorption and'a tendency towards desorp-
tion is favored when strongly complexing organic
ligands such as fulvic or citric acids, or EDTA are
present (BovDiEm. ihij.). In neutral to acid waters.
thorium adsorption is less complete onto clays than
onto solid humic substances. Conversely, the forma-
tion of thorium-organic complexes leads to more

complete desorption of thorium from clay than from
organic matter.

Because thorium ion is largely hydrolyzed at pHs
above 3.2. it is evident that the hydroxy complexes are
involved in the sorption process and that aquothor-
ium ion fTh* *; is not as readily adsorbed This will in
part reflect the fact that Th4* must compete with
protons for exchange sites (cf. DAVTS and LECKJE.
1979). VYDRA and GAIBA (1967) found that only
minor sorption of thorium onto silica gel occurred at
pH*s below 2. but that sorption increased with pH to
maximum values at about pH 5.5. Employing a mixed
quartz-illite soil as sorbent. RANCON (1973) measured
a Kt value of 5 ml g .at pfj 2,. (jut Kt rose to
•5-KlOsml/g at jjH 6. .With a. q^arV-illkt-cafcife- •

• organic matfer soil.'Xancon found that Kt decreased
from 10*ml/g at pH8 to 100 ml g at pH 10. This
reduction in sorption with increased pH was attri-
buted to dissolution of soil humic adds and the for-
mation of thorium-organic complexes.

L'nfortun;. ely, the published research on ihonum
adsorption to date has been insufficiently detailed to
allow more than qualitatne application of «>uch
results to complex natural systems. Distribution coef-
ficients have no accurate predictive value outside the
laboraton systems emploved for their measurement.
Future reseach should instead be directed towards
measurement of thermodynamtcalh meaningful
adsorption constants, which require a relatively com-
plete knowledge of the.activities qf.djssol̂ e^4pc£i*S •
including-ebmpfexes. and*orfhc*»«ir/jce< properties,of »

* " " ' 1979.; LANO-tfrtxnt
VIR and OZSVATH. 19X0).

RELATIOVSHIP 8KTWEKV THE
MOLAR COVCE.NTRAriOS OF THORILM

AND ITS RADJOUTIUTV

The radioactive isotopic concentration of a given
element in water is usually determined from the
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Water'1 radioactivity reported • pico-Curies
(IO~>2Ci) per Uter. To convert the radioactivity
measurement to molar concentration per liter, the
pico-Curies value must first be converted to decays
per second (dps), where I pCi - 0.037 dps. From the
radioactive decay law, the expression T » (In 2)/x is
derived, where T is the half-life of the radionuclide in
seconds and x is the probability that the nuclide will
decay within a given time. By definition: Disintegra-
tion rate (D) * UN, where N is the number of radioac-
tive atoms present Then: N « D^dpsV^sec'1}. Sub-
stituting (In 2)JT for 4, and dividing the preceding ex-
pression by Avogadro's number (6.022 x 10" atoms/
mol) to convert atoms per liter to moles per Uter (MX
leads to a general equation relating radioactivity to
concentration for any radionuclide:

waters and related hydrologk, geologic and mineral-
ogic data are not complete enough in this or in other
published studies to allow quantitative prediction of
the roles of thorium complexing. solution-mineral
equilibria, or thorium adsorption on thorium mobi-
lity in these natural systems.

CONCLUSIONS AND DISCUSSION

M(moll)= IO-25050(pCi/l) x r(sec)

The predominant thorium isotope (near 100% of
total Th) is 232Th. with a half-life of 4.4 x 10'7 sec
The isotope 23<>Th has a half-life of 2.5 x 10'2 sees.
Half-lives of the other thorium isotopes are given by
ROSLE* and LANCE (1972). The total thorium concen-
tration based on a 232Th isotope analysis is given by

"2Th (mol/1) -J<rj?* IHpCi/l).
Similarly, the molar concentration of 230Th based on
a 230Th isotope analysis is givenj>y^ x ^^//^ j

"°Th(

In order to predict the reaction chemistry of thor-
ium it is necessary to compute total dissolved thorium
from an isotopic anslysis qfj^Jl- "Th is the most
important thorium isotope in the decay series begin-
ning with 23*U and the most important thorium iso-
tope in terms of its radioactivity in uranium mill tail-
ings (ANON.. 1976) and in many ground wajtejs
affected by uranium mm ing. milling and Jaili
o * * ' ' * *

19781 The effect of reaction chemistry on 230Th
mobility can be estimated from its molar concen-
tration ratio relative to 232Th. Without a 232Th
ij^"ysis- however, the solution-reaction chemistry of

Th can only be qualitatively predicted.
MOORE and SWAMI (1972) suggest that the natural

rad,oactivity ratio of -30Th to 232Th is about 0.8 in
river waters and river sediments. This corresponds to
a molar concentration ratio of about 4.6 < 10•" I.
I» ground waters, seepages and injection well uaters
irom the uramferous Grants Mineral Belt in New
Mexico (KALFMAN « a/.. 1976) the -30Th :3:fh
radioactivity ratio averaged 431 and ranged from 0.96
'o 1607 m 6 waters for which analyses pf both iso-,,

^torcs, w^abtjv* d«ect*h."cferry 'tfie* radioacVivitv
.J«cjo -£>Ih.usual*/ pttddhiinimesfesodl waters

in tnesc-sanv w»iep thv:.ncen«ra<ion. ratio efltfcsV
^olopes averaged'2.5 x 10-3 and ranged from
. ' '°" ,,to 9J * 10"J- indicating the predomi-

ance of - -Th on a concentration basis. Unfortu-
'•'icl>. chemical and isotopic analyses of ground

Theoretical calculations based on critically assessed
thermodynamjc data indicate that thorium complex-
ing can increase the mobility of dissolved thorium by
many orders of magnitude below pH 8 relative to the
solubility of thorium-bearing minerals in pure water
as exemplified by the solubility of thorianite (ThOj)
above pH5, which is only 10"5ppb Th as Th(OH)J.
The important inorganic complexes of thorium with
increasing pH are Th(SO4)?. ThF|*. Th(HPO4)S,
Th(HPO4)f- and Th(OH)J respectively. Organic
complexes as exemplified by those formed with
citrate, oxalate and EOTA must greatly predominate
over inorganic thorium complexes in organic-rich
waters including many soil waters.

Studies by BoNOiETn (1974) and others show that
adsorption of dissolved thorium increases markedly
with pH above pH2, with maximum amounts of
thorium adsorption (95-100%) onto days, oxyhydrox-

v ides and organic matter atttained at pH values above
S-Sj^^Adsorption is more complete onto huralc"oT^
ganic solids than onto clays. Organic HgandslQch"as"
citrate and EDTA that form strong thorium com-
plexes, inhibit adsorption and can lead to partial
desorption of thorium (RANCON. 1973; BONDIETTI,
1974).

Thorium is concentrated in natural sediments
largely either in detrital resistate minerals such as
nionagte, rutilc and thorianite. or adsorbed pnto
gatutal, calloi«la4-i!zed Tnaferials. »Tne Tendency "or'''
thorium to be strongly adsorbed by clays and oxy-
hydroxides explains its anomalously high mean con-
centrations in bauxites (49 ppm). bentonites (24 ppm)
and pelagic clays (30 ppm), and its range in marine
manganese nodules (24-124 ppmL Thorium in baux-
ites is apparently both sorbed and in resistate miner-
als. These values may be compared to thorium con-
centrations generally less than 13 ppm in shales, and
less than 5-7 ppm in arkoses and graywackes. (Pre-
ceding data are from ROGERS and ADAMS. 1969.)

Although thorium complexing in natural waters in-
creases the solubility of thorium-bearing minerals and
can lead to desorption of thorium, thorium concen-
trations in natural waters (pH 5-9) rarely exceed

J 4>pb, This is, eq«ivaJootno*a.fadidac'rivMy ^f 0. r.pCi,1 •"'
as^^Th, .and. assuming^-natpr«J aptrtjfjr rarto-efOS f

'for :J*Tb,"2Tri (MoojM-^and,-S.W4MI, 1972Ma •. •
'0<fepCi/l*ast23Vh. This'low total thorium concen-
tration must reflect a combination of slow solution
rates, paucity and insolubility of thorium-bearing
minerals, and strong adsorption of thorium by
natural materials in this pH range.
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Thorium adsorption and the insolubility of thorium
minerals in so-called 'low acid class* ground waters
beneath an abandoned uranium tailings area at Eliot
Lake. Ontario, may explain the fact that JJJTh and
!1Th activities in the ground water were below
detection (MOFFETT and TEUJEX, 1978), In 'high acid
class' ground waters beneath the tailings, however,
ilJTh concentrations were as high as 38mg/l
(42QOpCi/l) and 23*Th concentrations in the same
ground water up to 0.0028 mg/! (52,000 pCi/1). Prob-
ably the; thorium its these ground waters was
present chiefly as sulfate complexes, released in the
case of 312Th by acid leaching of thorium-bearing
minerals. The U.S. Environmental Protection Agency
(ANON.. 1976) has reported that waste milling solu-
tions (sulfuric acid leach. pH 1.5-2) from the High-
land Uranium Mill in Wyoming contained
22.000 pCH of :iPTh (1.1 ppb). These high "°Th
values reflect the greater mobility under acid con-
ditions of :30Th formed from the radioactive decay of
"*U. This may be contrasted with * 2JOTh activity of
110pCi/l (0.0057 ppb) in alkaline (pH - 10) teach
solutions discharged from the Humeca Uranium Mill
(ANON.. 1976). The alkaline pH values employed in
the milling process tend to minimize both complexing
and the solubility of thorium minerals and favor thor-
ium adsorption onto days, oxyhydroxides and other
fine-sized materials in tailings from the mill.

The thermochemkat data and adsorption results
considered in this paper help to explain the behavior
of thorium and its isotopes in natural waters, sedi-
ments and wastes. However, published studies of
natural sv stems have inevitably lacked sufficient geo-
chemical. mineratogic. geologic and or hydrologic
data* to permit an unambiguous explanation for, or
prediction.of! thorium bfeljivror: Afto.n«eded for-such

^predictibA is *fcffebilifydata* fo$ ̂ ilnpoflanr thommr-**-
bearing minerals such as monazite. thorite and
uranothorite. Finallv. more sophisticated adsorption
studies should be performed in which thorium
adsorption is measured as a function of pH. thorium
complexation. activities of competing cations and
their complexes, and other solution properties, and
with an understanding of the detailed surface proper-
ties of the sorbent phases.
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Abstract—The enthalpy, Gibbs free energy, and entropies of aqueous radium species and radium solids
have been evaluated from empirical data, or estimated when necessary for 25°C and I bar. Estimates
were based on such approaches as extrapolation of the thermodynamic properties of Ca. Sr, and Ba
complexes and solids plotted against cationic radii and charge to radius functions, and the use of the
Fuoss or electrostatic mathematical models of ion pair formation (LANGMUIR. 1979). Resultant log K
(assoc) and SH° (assoc) (kcal/mol) values are: for RaOH* 0.5 and 1.1: RaCl* -0.10 and 0.50; RaCO?
2.5 and 1.07; and RaSOS 2.75 and 1.3. Log Ksp and A//° (dissoc) (kcal/mol) values for RaCO^c) and
RaSO4(c) are -8.3 and -2.8, and -10.26 and -9.4, respectively.

Trace Ra solid solution in salts of Pb and of the lighter alkaline earths, has been appraised based on
published distribution coefficient (D) data, where D = (m.V/2H%V,uj)/(mRaJ*XA«,) (m and AT are the
aqueous molality and mole fraction of Ra and cation .V/ in salt X, respectively. The empirical solid
solution data have been used to derive both enthalpies and Gibbs free energies of solid solution of trace
Ra in sulfate and carbonate minerals up to 100°C. Results show that in every case D values decrease
with increasing temperature. Among ihe sulfate and carbonate minerals. D values decrease for the
following minerals in the order anhydrite > celestite > anglesite > barite > aragonite > strontianite
> witherite > cerussite.

•e -\

*->

INTRODUCTION

THE GEOCHEMISTRY of radium in the environment
is of considerable interest because of the potential
danger the element poses to human and animal^
health. Radium activities in excess of me U.S. EN-
VIRONMENTAL PROTECTION AGENCY (1977) 1'mi'oT
5 pCi/l for Ra-226 plus Ra-228 in drinking water are
found in ground waters from uraniferous rocks and
in waters associated with uranium mining and mill
tailings, and can be expected in waters that have
contacted low or high level nuclear wastes.

To accurately model and predict the environmental
behavior of radium in any of these situauons. we
need a reliable and complete thermodvnamic data
base for radium. Such a data base does not exist.
Nearly all of the thermodvnamic data for radium
given bv the National Bureau of Standards ( WAG MAN
ft a/,. 1982) has been estimated (P.\RKER. 1984. oral
common.). Such estimation is based on smoothly
varying and known (usually.) properties of the^ther

'alk£!irie eaYth *aqub^ompfexe**an<l sblids.*Of aff the
aqi/to'us1 speciesJaMl^«lids4ist«d. by*WA<4*tAN cr'al'
(1982). .orWy Ra:/ ion and RaSOi(c) are likely let
have any significance in the environment. On the
other hand. RaCO-,(c) as a solid solution component,
and the complexes RaOH*. RaCT. RaCO" and
RaSO" should influence radium mobility in some
whalers. However, no thermodynamic data are avail-
able for these entities.

THERMODYNAMIC DATA FOR PURE RADIUM
SOLIDS AND AQLEOLS SPECIES

In this study, several approaches were used to
estimate the thermodynamic properties of radium
solids and aqueous species. The jncrease in cation
raSius of.the divajent alkaline'f^rtfis frpmJTy iojsf.

'and Ba to Ra suggests that the bonding between these
cations and common ligands should be more ionic
or electrostatic for Ra than for Ba. Sr or Ca. Thus,
plots of the thermodynamic properties of the alkaline
earth sulfate complexes, for example, against the
cation radii should approach Fuoss or electrostatic
model behavior as one moves from Ca towards Ra
(see LVSGMUR. 1979). The comparison is. however,
best made among cations likely to have ihe same
coordination number with a given ligand. For Ra.
the coordination number is X or 12 in its solids
(SHANNON, l976).Jn a few instances, as in aragonitc •
Ca exists in 8-fold coordination (radius 1 .12 A):
however, the best comparison is between Sr. Ba and
Ra.in 8-fold c^xjrdipaypn, wjih eflective^dijjgf, 1.26 .̂ _

*1.42 an'cN.48* respectively {SHANNON! 1976)'.,. ^
'* • Examination of*flC° ajid *& of Sssfrciatfen W»fhe •
' alpine* eatffc ihrffate* «omfl|e»es.-.plot '̂!ng3fnst f '

charge to radius function ll.\sc.,\u m. ll)79). shows
lhat the AO'" data approach pure electrostatic behavior
from CaSO'j to BaSO". Similar behavior is evident
for ^.V of compleiation. This sui^ests thai if ihe
empirical A(/'" of formation of a complex can be
accuratelv modeled w i t h the electrostatic model, then

., , ...
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of complexation can be similarly predicted.
These, and other approaches used to compute or
estimate the thermodynamic properties of the radium
solids and aqueous species listed in Table i. are
detailed in the footnotes to the table. Shown in Table
2 are formation constants of the complexes, and
solubility products of the solids listed in Table 1 and
their enthalpies of reaction at 25"C.

Concentrations of radium in natural waters, and
in waters associated with uranium mining and nuclear
waste disposal are probably never high enough to
reach saturation with a pure radium solid such as
RaSO4(c). Maximum Ra concentrations are limited
instead by adsorption or solid solution formation.
Adsorption control on aqueous Ra concentrations
will be examined in detail by RIESE and LANGMUIR
(in preparation). The solid solution behavior of trace
Ra in major element salts has been summarized by
GOLDSCHMIDT (1940) and WEIGEL (1977). In this
paper we develop a comprehensive thermodynamic
model with which in the absence of measured values,
one can predict the solid solution behavior of Ra in
divalent metal salts between 25 and IOO°C.

Rafcj and Ra2*. The tabulated data are from WAGMAN
ff al (1982). AH values are estimates. A heat capacity (C/)
of 6.86 cai/mol deg for Ra(c) may be estimated from a plol
of cy values for Ca(c). Srtc). Ba(c) and Ra(c) from WAGMAN
el at. (1982) against the effective ionic radii of the divalent
ions in 8-fold coordination from SHANNON (1976). A similar
plol for the divalent aquo-ions with heat capacities from
HF.LGESOS el al. ( I9gl j leads to Cp°(Ra-'-> = -!2.2 cal/
mol deg.

KaOH' BAES antf MESMER (1981! give formation con-
stants flog A" values) of 1.15 i: 0.2. 0.?! - 0,2, and 0.53
± 0.2 for CaOH". SrOfT and BaOH' respecmeh. at 25-C.
SMITH and MARTELL (!976! suggest log A' = 0.6 £ 0.1 for
BaOH" at 25°C. Plotting the iog A" values ot' Baes and
Mesmer against the effective ionic radij of Ca;'. Sr'
:in4*l J?-a-* in V-fnli-f f*i-iAn-tinit i/xn /ClJ A V(Vn~vd! I QT AI I*

TAKt
of ra4

F»n«lM
a41v> ec«yl«»«.
x) of ttttOi la
it I5*C)

(lot b
tut «CIUt>tM •« nic

tlu tt»na4ru*lc <u* U

1) I»2 * Oi' - taW*
2) ta2* «• d~ • «a«*
3) ta2* * CO,2" - taCO,"
*) taCO](c> • ta2* + COj2"
3) ta2* + *0,J~ • taSO(°
.) Ia504(e) - ta2* + »t

2-

o.s
-0.10
2.5
-t.i
1,75

-W.M

1.1
0.50
1.07
-2.«
1.3

-».*

calculated assuming ±H° = 1 . 1 kcal/mol given for BaOH*
formation is also correct for RaOH*.

SMITH and MARTELL (1976) give log A' - -0.13

TASLZ i. Th«nMcheaic«l data for faaiua folid* and
aqueou* apccies, and for auxiliary aquaoua ap«ciea
at 2S°C and bar. Sourcea of data and KChoda of
**£imacion and covputation ar* fitfon in Env fooCnotaa

SalW or f

(kcal/»
f

(kcal/»
s"

(cal/d

. «•««> «
lai2*
••QtJ*
tad*

•, 0
-126.1
-17*.>t
-164. 5*

• 0
-134.2
-172.30
-165,**

» 1 7
1}
It
2t .

at I8°C for the formation constant of Baa*. Estimated
with the Fuoss equation (LANCMUIR, 1979), and effective
ionic radii for BaJ< (8-fold) and Cl~, (6-fold), log K - -0.10
at 25°C The tabulated thermodynamic properties of RaCT
have been similarly estimated using the Fuoss equation,
supported by its applicability to Bad",

RaCOj. Empirical log A' (assoc! values for CaCOf and
SrCOf complexes are 3.20 (PLUMMER and BUSENBERG,
1982), and 2.81 (PLUMMER, 1983. oral commun,), respec-
tively. The latter value compares with 2.82 for SrCOf
estimated by the oxalate method (LANGMUIR, 1979). As-
suming the validity of that method, we can similarly estimate
log K = 2.56 for BaCOf, Linear extrapolation of the log AT
values for SrCO? from PLUMMER (1983. oral commun.) and
BaCOf (estimated above) plotted against the effective 8-fold
cation radii (SHANNON, 1976). leads 10 log K ^ 2.5 for
RaCOf, from which AG/ has been computed. Bonding of
the alkaline earth carbonate complexes probably becomes
more electrostatic with increasing cation size. Based on this
assumption, one can compute the apparent effective radius
of COl". in each complex with the equation log A* (assoc)
- 12.44 X I0"*/(r«*- + toj-). where the radii are in centi-
meters (see LANGMLIR, 1979). Resultant r^- values increase
to about 3.55 x 10"' cm for BaCOf. A similar calculation
for RaCO? assuming log K - 2.5 from above gives
'coj' = 3.5 x 10"* cm. This suggests, as has been done, that
the electrostatic model may be used to estimate S* and
$H] for RaCOf. ' . ' ' . . „ . , . .

RaCOtc), -Log KsfTnSoesot<r.2T±'0.02 for^trontijoite .' •
-1fcu$e*BERG « 3/..«!9»4).**nd S.5* fdr*»i(heVite*&»mput«l*'* "

from Gibbs* free energy data given by WAGMAN a al,
(1982) and LANGMUIR (1978). plotted against effective ionic
radii of Ba2* and Ra2* in 8-fold coordination (SHAN-
NON, 1976) leads to -log Ksp = 8.3 for RaCO^c). The
entropy of RaCOj(c) may be estimated by Latimer's method
with entropies of the ions from NAUMOV el al. (1974).
giving 27.6 cal/mol deg. An equally valid approach is to
assume OS0 = 0 for the reaction: Race) + BaCOj(c) - Ba(c)
+ RaCO,(c). With entropy data from WAGMAS at jl ! 1982).
this leads to S* (RaCO,(c)J = 28.8 cal/mol deg. The average
of these two values is adopted and tabulated.

• RuSCfi. SMITH and MARTELL.(I976) and MARrtLL'and
SMITH (1982) give log A' (assoc) values of 2.32. 2.55 and

,i,7 fisr CaSOf. SrSOj and BaSOt REARDOS (1984. oral
commun.) suggests log K (assoc) = 2.29 ± 0.02 for SrSOj.
Examination of Fig. 11 in LANGMUIR (1979) indicates that
log AT (assoc) values for the alkaline earth sulfate complexes

I
i

•"« -%:.< *-•.*•
* " .*J'«ioj' •

• *» . '•' .A.1-J5<

del predios l<«,KJa*soc)
value oT Snii

•4 *,
fiw BaSO5 in ,

-J52.*«

-161.54
-217,40

-326.15
-37.604
-11.in
-126.17

33
-2.J60
13.56
-13.6

4.SO

trpswtic.
*3xJ Ig

,_e|cclrvsta|k» ̂ opde I Jradji to • to»# 4aswH -2,>* «<il!r «
RaSOj, *A linear extrapolation of the log K (assoc) values
for SrSO? and BaSOS given by SMITH and MAR TELL ( 1976)
plotted against effective cation radii from SHANNON (1976)
suggests log A' (assoc) = 2.76 for RaSOJ, AS0 (assoc) com-
puted from the electrostatic model is 17 cal/mol deg. The
tabulated data are based upon the electrostatic model.

RaSOM Nil
formed perhaps
RaSO/c) solubi
the solubility at

Runs

1-5
6
7
i

6.5:
1.07
1.4
3.06

The -log Ksp vaJu
the other values,
the results for runs j
is iwice the stands
assumptions were
values in the above

a) log A' (assoc)
on the 25°C value
Hoff equation and •

b) tog K (assoc)
on a 25"C value o
- I.I kcal/md at
the van't HofTequa
run 8. I

c) Activity coerRcij
Hucitel equation.
3 "(ta'', and the equ.1
LANGMUIR, 1976).
±0.02 may be com,!
MARTELL (1976) alsj
Nikitm and Tolmats.1

Data given b> VVA< |
« 0.55 kcal/mol for
{assoc} - -6.35 kcal i
values against the elT I
fold coordination fS t j
(aisoc) «— 9.34cc\l/n[

10,26 ±0,02 at 25*t|
and the enthalpy of as I
Table 1, S° - 33.3 ca
ma> be estimated itx!
»tth entropv data fror|
10 S° - 32.0 cal/mol
entropy data from
assumption that
= Bare) + Ra5O<(c), e
agreement among the*!
empirical and estimate- ]
for RaSO4(c). An enm
chosen h> WU;MAS i-
•1//7 for the solid is ct|
-*Iog Ksp - 10.26,

Li^iDfta/, (1918) m<|
0.01 N H,S04 solution

•..ll9"'.Ai»wi.i^ K
increase. with tempeat

, Ja!Sl r?vi^.cciuaJ)oll.a'w|
••SolnfToti liv-eri in take I

increase of 0.22 units hi I
i!<*Kl agreement with the

•\ lairiv accurate deterr I
"n the solubihtv of RaS<
J^iummg that the heat
r»r the naction
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RaSOJc). NIKITIN and TOLMATSCHEFF (1933) have per-
formed perhaps the most careful and7 thorough study of
RaSO4(c) solubility in aqueous solutions. They measured
the solubility at 20°C in pure water (5 runs) and in NajSO<

solutions (3 runs). Total concentrations, computed ionic
strength (/) values, total molal concentration products (Kxp1

= ~mRi • £mSO4), and computed ihcrmod) namic solubility
products for / « 0 (-log Ksp values) are tabulated below.

Runs SmNa SmSO, / (molal) -\QgKsp' -logA',5/?

1-5
6
7
g

6.52 x 10'*
1.07 X 10''
1.45 X 10''
3.06 x 10-'

0
1.00 X IO"1
1.00 X 10'J
1.00 x ID'2

6.52 X IQ-*
5.11 X I0's
5.00 X 10-"
5.00 x IQ-J

2.56 X IO-5

1.54 X IO-4

1.50 X IO-3

1.50 X IO'2

10.37
10.26
10.14
9.82

10.39
10.32
10.37
10.56

The -log Ksp value from run 8 is entirely inconsistent with
the other values, and is therefore rejected. The average of
the results for runs 1-7 is 10.38 ± 0.02. where the uncertainty
is twice the standard deviation of the mean. The following
assumptions were made in order to calculate -log Ksp
values in the above table:

a) log K (assoc) (RaSOj) = 2.74 at 20°C. This is based
on the 25°C value of 2.76. corrected to 20° using the van't
Hoff equation and enthalpy data from Table 1.

b) log K (assoc) (NaSO;) = 0.81 at 20°C. This is based
on a 25°C value of 0.82 (REARDON, 1975), A//° (assoc)
= 1.1 kcal/mol at 25°C (SMITH and MARTELL, 1976). and
the van't Hoff equation. This species is negligible in all but
run 8.

c) Activitv coefficients may be computed using the Debye-
Hiickel equation, assuming •yna.-. = lap-, and fmsc*
* TNJ- : an<l the equation log f^tsol = 0.57 (REARDON and
LANGML'IR, 1976). Our selected -log Ksp value of 10.38
± 0.02 may be compared with 10.37 given by SMITH and
MARTELL (1976) also for 20°C and based on the work of
Nikitin and Tolmatscheff (ibid).

Data given bv U'^GNUS tv al. (1982) leads to A//° (assoc)
= 0.55 kcal/mol for celestue. BLOLNT (1977) suggests A//°
(assoc) = -6.35 kcal/mol for barite. A linear plot of these
values against the effective ionic radii of the cations in 8-
fold .coordination (SHANNON. 1976) extrapolates to A//°

• Jaisoc)-=- -93-kcal/snoHor RaSO4te)."St3bstiitinSdMnto''tric*
• -tjftr. ffbffr cqvaijft».*tfj JdRi-frtftfr'lfcfll «f'«H»g '*"flr*'
'" = 10.26 ±0.02 at 25°C for RaSO4(c)."Based on this constant

and the enthalpv of association, and with entropy data from
Table 1.5° = 33.3 cal/mol deg for RaSO4(c). S^RaSO.fcl)
may be estimated independently using Latimer's method
with entropv data from NM'MOV ei al. (1974). which leads
to S° = 32.0 cal/mol deg. A second estimate, made with
entropv data from WAGM-XN a <//. (1982). and based on the
assumption that Ai'0 = 0 for the reaction Ra(c) + BaSO4(c)
= Ba(c) T RaSO4(c). gives 33.6 cal/mol deg. The excellent
agreement among these three entropv values supports the
empirical and estimated -log Ksp and A//" (assoc) values
for RaSO4(c). An entropv of 33 cal/mol deg. the same as
chosen b> \ V \ C , M \ N ci ul (1982). is adopted and tubulated.
A//" for the solid is computed assuming th"i» entropy and
-log Ksp = 10.26.

LIND el al. (1918) measured the solubility of RaSO4(c) in
0.01 N H;SO4 solutions at 25 and 35"C. and obtained 2

Ra2* + BaSO4(c) = Ba2* + RaSO«(c).

With enthalpy and free energy data from this paper and
from LANGMUIR and MELCHIOR (1985) we compute .16'°
= -396 cal/mol. A//° = -3050 cal/mol. and thus AS«
= 8.9 cal/mol deg. Assuming ACj = 0 for this reaction, and
introducing the temperature function for log A'.\/» (barite) at
I bar from LANGMUIR and MELCHIOR (1985) (sec also
BLOUNT, 1977), leads to

log Ksp <RaSO4) = 137.98 - 8346.87/r - 48.595 log T
where T is in kelvins. The effect of pressure on log Ksp
(RaSO4) may be assumed equal to that effect for barite
(LASGML'iR and MELCHIOR, 1985).

OH' and Cl~: CODATA (1976)
COj-; WAGMIN el al. (1982)
SOr: CODATA (1977).

SOLID SOLUTION FORMATION

The tendency for trace radium concentrations to
coprecipitate and form a solid solution wi th barite is
well known (</. DOERNER and HOSKINS. 1925: and
CHURCH. 1979). and is the basis for radium removal
from mine waters and acio! sujfate a.n«J yninfym jhill*." . -

*"
well known is the solid solution behavior of trace Ra
concentrations in other minerals, or the importance
of Ra solid solutions generally as controls on Ra in
natural waters. Published data on radium solid solu-
tions in which Ra is the trace component are given
for Ra-BaSO4 by DOERNER and HOSKINS (1925). and
for numerous other solid solutions bv Got USCHMIOI
(1940) and WEIGEL (1977). Much of the data has
been cast in terms of an empiricallv determined
distribution coefficient. D. where

•D =
"% •
(D

itiJn .given in Table 2. we may compute a -log Ksp
increase of 0.22 units for this same temperature interval, in
gtxxj agreement with the results of Lind and others.

A fairlv accurate determination of the effect of temperature
on the soluhililv of RaSO4(cl above 25°C may be made by
assuming that the heat canacilv is zero at all temperatures
for the reaction

^•'•"•yjJiiP*"*">14* ,"i<-'«^»'«>'*% zi~mf<*rf s*. *«^«- «•
solution, fhi's expression is called thc""Sernsl-Ber-
thelot equation" (WtiGEL. 1977). or "Hcndervin-
Kraczek equation" (O'NiONS and Povvin . 1477).
and applies to solid solution formation from an
aqueous solution of constant composition, or in other
words, to the formation of a compositionally homo-

. ->• •» '
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geneous solid solution. (Crystallization of a zoned
solid solution from an aqueous solution of changing
composition (usually in a closed system) is described
by the equation of DOERNER and HOSKJNS (1925);
see also RAISWELL and BRIMBLECOMBE (1977), and
WEIGEL (1977)). The exchange reaction for a solid
solution involving trace Ra and a major carrier or
host divalent metal salt, may be written

+ MX = M2* + RaJT
for which

Kex

(2)

(3)

where the y and m terms are the ion activity coeffi-
cients and molal concentrations in aqueous solution,
and the A and A' terms the rational activity coefficients
and mole fractions in the solid solution. We can
compute Kex directly from Gibbs free energy data
for the reaction through

AG?, = - (4)

or from the fact that Kex = Ksp(MX)/Ksp(R*X).
Inspection of expressions (1) and (3) leads to the

statement

Kex = D- (5)

In every case considered in this study, M is a divalent
cation, and in dilute solutions we may generally
assume 7.1,2. = 7*,?-. Also, in every case we are
considering a solid solution in which RaA' is a trace
component in MX, so that A,n =: A\n — I- Accord-
ingly, the expression for AV.v may be simplified to

AV.v = D-AR.H. (6)

Because the activity of RaA' in the solid solution is_

A^ is the tiertry "taw* constant* Ihen abo A"^ - n,H-
Multiplying —RT times the natural log of expression
(6) leads to

-iG?, = -RTln Kex

= -RTlnD- RTln ARil. (7)

The first and second terms on the right may be
designated AG?,(£>) and -iG",(A) so that

° (D) -t- (8)

II' empirical data for the temperature .variation of Z?»
are available, and if a plot of log D versus \f.T yields
a straight line, then through the integrated van't Hoff
equation we find

ft.

1-4^6^1

« '.••'.; •• • • • . • * *•-*,• * '-*.V •„»•
By analogy to the treatment of Gibbs free energy

-I//?, = d //?,(/>) + Ji//?,(A) (10)

to non-ideality of the solid solution. It can readily be
shown that

A//°L(A}cal/inol

= 4.576 log

or stated differently

log A,u^.2) = log X)u«i) -

<->
45"6 |— - — J . <J2)

Plotted in Fig. I are &G%HD) values against
values for 14 trace Ra-major divalent ion salts. The
D values used to compute d£?J,(Z>) are from DOERNER
and HOSKJNS (1925), GoLDSCHMfDT (1940). and
WEIGEL (1977). The AG?, values have been computed
using free energy data from Table I, WAGMAN et al.
(1982), and LANGMUIR (unpub. data). The plot shows
a strong correlation between the two variables, with
increased selectivity of host salts for Ra exhibited as
AG°X becomes more negative. Obviously, for D values
greater than unity, (AG?,(,Z>) < 0), Ra is favored over
the major cation in the solid solution, and conversely
for D values less than unit (AG?,(£>) > 0). Figure I
shows a strong correlation (r2 = 0.95). with the
equation of the line equal to

= 0.492 AGg,. (13)
The effect of temperature on D values, based

chiefly on data from GOLDSCHMIDT (1940), is plotted
in Fig. 2. The figure shows that £> values decrease
with increasing temperature, consistent except for
Ba(C:HjO;): and SrtNOjfc^H^O, with a decreasing
selectivity difference between me ions at higher tem-
peratures. The plot aiso shows that £> varies linearly

nearly to witn..-|/C. This indicates tbat in. most

from 0 to IOO°C. A//?,(D) values for the nine solid
solutions based on Fig. 2 and the van't Hoff equation,
are listed in Table 3. along with other thermodynamic
properties of the solid solutions at 25°C, computed

0 2
iGidccal moil

FlG. 1. Plot of A6"™,(/)) versus iC", for trace radium
, ,,„ . solid solution in some major divalent metal salts at 25°C.

« here ^ //„ is the standard enthalpy of the exchange Thc ,ine lhrough lhe data js constrained to pass through the
reaction, and A //".(A) the enthalpy contribution due point .16'",(£>) = ,4G*£ = 0.
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tea

FIG. 2. Empirical distribution coefficient (D) values for
trace radium solid solution in some major divalent metal
salts as a function of temperature.

as described above. A plot of AH?.(D) versus A//J,
for the six solid solutions in Fig. 2 is given in Fig. 3.
The equation of the line through the data is

0.642A//S, (14)

(r2 = 0.91). Equations (13) and (14) have been used
to estimate missing thermodynamic data in Tables 3
and 4.

Of particular interest geochemically are the solu-
bilities of trace Ra in Ca, Sr, Ba and Pb sulfatc and
carbonate-minerals as a function of temperature. The
effect of increasing temperature on D and XR»* values
between 0 and 100°C is shown in Table 4. The
decrease in D and A*^ values with temperature
corresponds to a major reduction in the selectivity of
host minerals for trace Ra. Somewhat surprisingly,
trace Ra is more selectiv*'y enriched in celestite and
anglesite than in barite. None of the carbonate min-

erals prefer Ra over their major cations. Also, the
table shows that XR^o. and XMCO, in barite and
witherite, respectively, are near unity at 2S*C, and
so these Ra-Ba salts behave as ideal solutions.

The solubility of trace Ra in rock-forming minerals
such as gypsum, anhydrite, calcite and dolomite is
either not known or only approximately known. If
one assumes that Ra solubility in anhydrite follows
the same general relations already described for Ra
solubility in other salts, then from Eqn. (13) we can
compute D = 800 at 25°C. Examination of D values
given by GOLDSCHMIDT (1940) shows that in every
case D is greater for the anhydrous sah than hydrous
salt at the same temperature. If D - 800 for anhydrite
is correct, then D for gypsum should be less than
this, although how much is uncertain. GOLDSCHMIDT
(1940) measured an approximate selectivity of gypsum
for Ra at 2S°C and obtained D « 0.02. The model-
predicted D value for anhydrite is larger than any
measured D value in Table 3. However, the trend in
D values for the sulfates with radius of the host
cation is clear from the data. Thus, in the sequence
of decreasing cation radius from Ra to Ba, Pb and
Sr, corresponding D values increase from 1.0 to 1.8,
11 and 280. This trend indicates an increase in the
solubility of Ra in host sulfate minerals with an
increase in the difference between the ionic radii of
Ra and the host cation. The same behavior is apparent
for the carbonate solid solutions, although the mag-
nitude of the effect is far less pronounced than for
the sulfates. Such behavior is clearly at variance with
conventional wisdom regarding the effect of ionic
radii differences between cations on their binary sotid
solution behavior.

Considered from a thermodynamic point of view,
however, there is logic to the trends. Among the
alkaline earth sulfates, RaSO4 has a Ksp of -10.26,
followed by Ksp values of -9.97, -6.64 and -4.36
for BaSO4, SrSO4, and CaSO4 (LANOMUiR and MEL-

TABU 3. Tlwr—*-—1c DTOf«rtlM at trae* Kr-Mjor ult tolU
solar* .l£.ys»* la ct» t«it. InchalplM •»*
(m 4Mt|î  — . -lljc»lort«« per aol*. Parntkuu «oclo«« nliiM
utixc*4 tram •qo«tloo« (13) or (14). or <Ucln4 {n» ««ch ««tl««t«i.

irS04(c«l««ttt»)
PbS04(«tt
Sr(W3)2
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FK3. 3. Plot of ±H*a(D) versus Atff, for trace radium
solid solution in some major divalent metal salts at 25 °C.
The line through the data is constrained to pass through the
point bHlAD) = A/ft - 0.

CHIOR, 1985). RaSO< is obviously the least soluble
sulfate: nearly six orders of magnitude less so than
anhydrite. The stability constants indicate that bond-
ing between Ra and SO« is much stronger, than
between Ca and SO4. One could then argue that
given competition between the cations in a sulfate
lattice, Ra would be favored over Ca. This effect
should increase as the difference in stability constants
between Ra and the host cation increases.

Among the alkaline earth carbonates, however.
RaCOj is the most soluble, with Ksp = -8.3, followed
by aragonite, caicite, witherite and strontianite, with
Ksp values of -8.34, 8.48, (PLUMMER and BUSEN-
BERG. 1982), and -8.58, and -9.27 (see footnote
RaCOrfc) and Table 1). In this case the trend in D
values is opposite, probably for the same reason as
given for the sulfates. Model-predicted D values for
caicite and aragonite are 0.82 and 0.96, respectively.
D = 0.5 for witherite indicates further exclusion of
Ra, as the host carbonate becomes even more insol-
uble than RaCO3. D = 0.66 for strontianite is incon-
sistent with the trend in Z> with Ksp, but p.-obably
within the uncertainties in the D values.

These observations suggest that at trace concentra-
tions of Ra, the solid solution behavior of .the ••••"•t-s
and carbonates is more dependeiu '... -
thermodynamic properties of the Ra and host cation
salts, than on differences in the cattonic radii. The D
values obtained by GOLDSCHMIDT (1940) were mea-
sured at Ste values between lO'5 and lO'". Radium
concentrations in natural waters rarely exceed tO~12 m
M LANGMUIR and MELCHIOR. 1985). Combined
with concentration data for Ca. Sr. Ba and Pb and
using Eqn. (!) it seems unlikely that NM will exceed
10 m natural water/rock systems. At such low Ktmr
concentrations, crystal strain caused by Ra substi^
iron « probably negl,g,bte. Under these conditions,
simple thermodynamic pnnciples apparently control
solid solution behavior.

For a trace Ra solid solution to play an Jr., vam
role in Ra ground water transport, the hos| '
must be close to saturation with respec
water. That this condition exists car.

by inputting the ground water chemical analysis into
a computer program such as WATEQF (PtUMMER
ei at.. 1976) for ionic strengths less than about 0.1
molai, or for higher ionic strengths into a computer
program for calculation of ion activities via the ion-
interaction approach of Pitzer (cf. HARVIE and
WEARE, 1980; LANGMUIR and MELCHIOR, 1985).
Once saturation with respect to a host mineral is
proven, then

so that A^ in the host mineral may be computed
from the ion activity ratio in the water. Note that
the ion activity ratio has been substituted for the
molal ratio in Eqn. (15). Most empirical D values
have been measured in sufficiently dilute solutions
so that these ratios are roughly equal. [At high ionic
strengths in strongly complexing solutions they may
not be, so that to be rigorous, we will henceforth deal
with the activity ratio only.J

To determine the relative importance of trace Ra
solid solutions, we not only must know the thermo-
dynamic properties of these solutions, but also their
abundances in water-rock systems. If the rock is
composed of several host minerals of divalent cations,
then the total Ra in solid solution in a given rock
mass is

Ra G*g/g rock) 226 2'

Ra2*] (Wt MX Qig/g rock)\
[Af 2+J (GFW MX (g/mol) / " (16)

As Eqn. (16) indicates, for a given Ra concentration
the importance of a particular solid solution as a Ra
sink is directly proportional to the abundance of the
host mineral and the value of D, and inversely
proportional to the activity of M2* in solution.
Unfortunately, there are no published data that allow
us to test this equation. AMES and RAJ (1978) tabulate
•*** Ra^ggntent of several major rode types, and
suggest that the average Ra content of limestone is
0.42 X 10~* fjg/g rock. With Eqn. (16) we may
estimate Ra = 0.054 X 10"* jig/g rock in fresh marine
limestone. That this value is less than measured
probably reflects that the Ra in limestone is almost
entirely Ra-226 formed by the decay of U-238 already

TAXtZ 4. Dl«crltucloa co«fflci««tt M4 rational Activity o>-
«fflcl«nti for trie* U la tarn nltau «4 uikomat* «l««r«l«
•t 0 «nd 100'C. T»lu«> te ptrntlMM* tn <Mtia>t«. SM t*xt.

0<25*C) X1OO*C> i(2S*C>

CMO.

(Ulclt*)
(«tro«tl«nic«)
(>rttb«rit«)

(MO)
2«0
11
1.1

(.M)

!»6
.5

.0*7

(40)
30
3

.M

C.2t>

(.027)

215
M.I
1.11u.o»)
(.«!)
.17
1.0*

M
1.4
.75

(.11)
(.77)

.00047 (.000077)

present in
rocks is 2
1982), Eq
of a hom
from a wt
tcant radi
bration. S
some inst
uncharact
ural hydr
Ra-226 is

CHURC
of modern I
constant
xio-
228/Ra-2:
dium-bari
takes plac
such barit
in-barite
value of 0
the water
less than
this paper

A secor
the relati
listed in "
mineral is
of the ro
percents o
given in
may be s
probably <
1% level,
important
magnitude
amount t
anglesite
level.

Radium
of the radi

L



Thentiodynamic propentes of Ra 1599

I
I

present in the limestone. (The average U in carbonate
rocks is 2.2 pg/g, according to MASON and MOORE,
1982). Equation (16) only applies to the, formation
of * homogeneous solid solution incorporating Ra
from a water of constant composition without signif-
icant radioactive decay, or with continuous reequili-
bration. Such conditions are probably approached in
some instances of nuclear waste disposal, but may be
uncharacteristic of radium geochemistry in most nat-
ural hydrogeologic environments. (The half-life of
Ra-226 is 1622 years).

CHURCH (1979) notes that the Ra-226/Ba content
of modern marine barites and pore waters is practically
constant with depth in some Pacific cores at 2.4
X 10~* pg/g. This fact, and a relatively constant Ra-
228/Ra-226 ratio in these barites indicates that ra-
dium-barium exchange between the water and barite
takes place within a few years. This suggests that
such barites are rapidly forming a homogeneous Ra-
in-barite solid solution. However, the empirical D
value of 0.18 derived from analyses of Ra and Ba in
the water and barite is inexplicably about ten times
less than theoretically predicted for 3°C, based on
this paper.

A second calculation provides further insight into
the relative importance of the Ra-solid solutions
listed in Tables 3 and 4. Assuming that each host
mineral is at saturation with seawater. the Ra content
of the rock has been computed assuming weight
percents of the host minerals present. The results are
given in Table 5. Anhydrite (and possibly gypsum)
may be significant sinks for Ra. Limestone (and
probably dolomite) are unimportant: however, at the
1% level, barite. and especially anglesite are more
important than the carbonates by about six orders of
magnitude. At 0.03 wt% of the rock, too small an
amount to be identified by conventional means,
anglesite can hold as much Ra as barite at the 1%
level.

RADIOACnVITY-CONCENTRATlON
RELATIONSHIPS

Radium analyses are generally reported in terms
of the radioactivity of a particular Ra isotope, whereas

TABLE 5. V>?otSetlcal ta content! of tow rock* eoapoeed
of mineral* aacuewd at equilibrium with tea water at 2S°C.

VtZ of boat
•Incral la

BoaI Hloaral the rock

Ho 1.11 coac«a-
tration of boat
•lMr.il c*tla« VU(u«/t}
te •*• water* la rock"

anhydrite
llmaetone
(calclt.)

celeatlte
karltt
ancle* Ite

100

100
1
1
1

1.03*10"'

1.03*10"2

1.1*10"'
1.5.10"'
2*10"'<>

j»iio"'
<0. 054*10"*
11*10"'
3500*10"*

123.000*10"'

Ha • 3*10" CoBcaatratiooa fro* Bandereon (1962).

*Aaaumln( a homocenaoua *olld aolatlou, and ao aet deple-
tion or addition of la-22* after aolld aoletioo formation.

such reactions as adsorption, precipitation, and com-
plexation are written in terms of molar or molal
concentrations. Jladium isotope concentrations in
water are usually given in picoCuries (1 pCi » 10~12

Ci) or decays per second (1 pCi - 0.037 dps). The
general expression relating decay (d) rate to molar
concentration (A/) is

A/(Mol/1) = 10-2!OJ-</(pCi/l) X T(sec) (17)

where T is the half-life of the isotope in seconds
(LANGMUIR and HERMAN, 1980). The important
isotopes of Ra and their half-lives are listed below
(AMES and RAI, 1978).

Isotope
Ra-223
Ra-224
Ra-226
Ra-228

Half life
11.43d
3.64 d
1622 y
5.77 y

Series
U-235
Th-232
U-238
Th-232

In the case of Ra-226, the conversion factor from
pCi/1 to picograms per liter is unity. The correspond-
ing conversion from pCi/1 to M (Mol/1) is

Mol/1 (Ra-226) = \Qrt4M • d (pCi/1). (18)

The short-lived isotopes Ra-223 and Ra-224 are
unlikely to be significantly involved in solution-
mineral equilibria, which have low-temperature re-
action rates most often in weeks to years. However,
all the Ra isotopes must participate in complexation
and adsorption-desorption reactions. The latter go to
completion within seconds to a few hours unless
diffusion controlled.

Another point, rarely considered, is that the extent
of reaction of a particular radionuclidc in a geochem-
ical process such as adsorption or precipitation, is
proportional to the ratio of the isotope's molar con-
centration to the total concentration of the element.
This fact is irrelevant to the geochemistry of Ra-226,
the predominant isotope, which greatly exceeds 99%
of total Ra. but must be considered in reactions
involving the other Ra isotopes.

Rigorous application of the thermodynamic data
presented in this paper to radium behavior in water-
rock systems requires that we have rock chemical
and isotopic data, as well as measured concentrations
of Ra and related aqueous species in the water. Such
rock data is practically nonexistent. Numerous recent
papers have reported Ra concentrations in surface
and ground waters. Introducing the thermodynamic
properties of radium into aqueous-reaction computer
codes such as WATEQF (PLUMMER et al 1976)
allows us to determine the reaction state of a water
with respect to radium. Application of such an ap-
proach to the published literature on Ra in ground
water will be presented in a following paper.
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CONCLUSIONS AND DISCUSSION

We have critically appraised the available ther-
modynamic data for aqueous radium species, pure
solids and solid solutions of geochcmical importance,
and presented an internally consistent tabulation of
preferred thermodynamic values. These have been
estimated for the aqueous species, and derived from
empirical data or estimated for pure Ra solids and
solid solutions. A model has been developed that
permits prediction of the extent of trace Ra solid
solution and its temperature variation, given only the
standard state Gibbs free energies and enthalpies of
the ions and the pure Ra and host divalent salts at
25°C and 1 bar.

Although empirical data support the solid solution
model, there is a lack of experimental measurements
of radium solid solution in major rock-forming suifate
and carbonate minerals, for example, with which to
test the model. There is also a need for data on the
Ra content of major and minor rock-forming min-
erals, including studies of the Ra distribution (zoning,
etc.) in such minerals. When possible and appropriate,
the mineralogical data should be obtained along with
Ra and other isotopic and chemical analytical data
for coexisting waters. The extent of such information
already published will be examined by RIESE and
LANGMUIR (in preparation).

Acknowledgements—The first author's funding was obtained
from the U.S. Department of Energy, through the Office of
Nuclear Waste isolation, Battelle Project Management Di-
vision. Columbus, OH, through BPMD Contract E512-
09500. Dr. Norman Hubbard, Project Manager. A. C. Riese
was supported by Atlantic Richfield Company and Gulf
Research and Development Company.

Editorial handling: R. A. Schmitt

REFERENCES

-» • * * '
AMES L. L. and RAI D. (1978* Radionuclide interactions

with soil and rock media, v. I, Processes influencing
radionuclide mobility and retention, element chemistry
and geochemistry, conclusions and evaluation. EPA 520/
6-78-007A.

BAES C. F. JR. and MESMER R. E. (1981) The thermody-
namics of cation hydrolysis. Amer. J Sci. 281. 935-962.

BLOUNT C. W. (1977) Barite solubilities and thermodynamic
quantities up to 300°C and 1400 bars. Amer. Mineral.
62, 942-957.

BUSENBERG E.. PLUMMER L. N. and PARKER V. B. U984)
The solubility of strontianite (StCO3) in CO2-H3O solutions
between 2 and 91°C. the association constants of
SrHCO?(aq) and SrCO^aq) between 5 and 80°C. and an
evaluation of the thermodynamic properties of Sr^aq)
and SrCO3(cr) at 25°C and I atm total pressure. Geochim,

.,».- Cosmochim. Ada 48. 2021-2035.
'.-^"CHURCH T. M. (1979) Marine barite. In Marine Minerals.

Chapt. 7. pp. 175-209. Mineral. Soc. Amer. Short Course
•otes, 6.

CODATA Task Group on Key Values for Thermodynamics
(1976). Recommended Key Values for Thermodynamics.
1975. / Chem riu-mui. *, 603-605.

CODATA Task Group on Key Values for Thermodynamics
(1977), Recommended Key Values for Thermodynamics.
1976. J Chem Tlu-rmo 9. 705-706.

DOERNER H, A. and HOSKINS W. M. (1925) Co-precipitation
of radium and banum sulfates. / Amer. Chem. Soc, 47,
662-675.

GOLDSCHMIDT B. (1940) £tude du fractionnement par
cristallisation mixte a 1'aide des radioe&nents. Ann. Chim.
(Paris) Ser. II. v. 13.88-174.

HARVIE C. E. and WEARE J. H. (1980) The prediction of
mineral solubilities in natural waters: the Ni-K-Mg-Ca-
C1-SO4-H2O system from zero to high concentration at
25°C. Geochim. Cosmochim. Acta 44, 981-997.

HELGESON H. C. KIRKHAM D. H. and FLOWERS G. C.
(1981) Theoretical prediction of the thermodynimic be-
havior of aqueous electrolytes at high pressures and
temperatures: IV. Calculation of activity coefficients, os-
motic coefficients, and apparent molal and standard and
relative partial molal properties to 600°C and 5 kb. Amer.
] Sci. 281(10), 1249-1516.

HENDERSON P. (1982) Inorganic Geochemistry. Pergamon
Press. 353 pp.

LANGMUIR D. (1978) Uranium solution-mineral equilibria
at low temperatures with applications to sedimentary ore
deposits. Geochim. Cosmochim. Acta 42, 547-569.

LANGMUIR D. (1979) Techniques of estimating thermody-
namic properties for some aqueous complexes of geo-
chemical interest In Chemical Modeling in Aqueous
Systems (ed. E. A. JENNE) Chapt 18, pp. 353-387. Amer.
Chem. Soc. Symp. Ser. No. 93.

LANGMUIR D. and HERMAN J. S. (1980) The mobility of
thorium in natural waters at low temperatures. Geochim.
Cosmochim. Acta 44, 1753-1766.

LANGMUIR D. and MELCHIOR D. (1985) The geochemistry
of Ca. Sr. Ba and Ra sulfates in some deep brines from
the Palo Duro Basin. Tews. Geochim. Cosmochim. Acta.
(in press).

LIND S. C.. UNDERWOOD J. E. and WHITTEMORE C. F.
(1918) The solubility of pure radium suifate. J. Amer.
Chem. Sot: 40, 465^72.

MARTELL A. E. and SMITH R. M. (1982) Critical Stability
Constants, Vol. 5, First Supplement. Plenum Press, New
York, 604 pp.

MASON B. and MOORE C. B. (1982) Principles of Geochem-
istry. 4th ed. John Witey & Sons, N.Y.. 344 pp.

NAUMOV G. B., RYZHENK.O B. N. and KHODAK.OVSKY
I. L. (1974) Handbook of Thermodynamic Data Natl.
Technical Info. Service. U.S. Dept. of Commerce. Spring-
field. VA.

NIKITIS B. and TOLMVTSCHEFF P. (1933) Ein Beitrag zur
Gultigkeit des Massenwirkungsgesetzes. H. Quantitative
Bestimmung der Loslichkeit des Radiumsulfates in Na-
triumsulfailosungen und in Wasser. Z. Phvsik. Chem.
A167. 260-272.

O*NIONS R. K. and POWELL R. (1977) The thermodynamics
of trace clement distribution. In Thermodynamics m
Geology (ed. D. G. FRASER) pp. 349-636. D. Reidel Publ.
Co. Dordrecht-Holland.

PLUMMER L. N. and BusENBERG E. (1982) The solubilities
of calcite. aragonite and vatente in COrH:O solutions
between 0 and 90°C. and an evaluation of the aqueous
model for the system CaCOj-COrH:O. Geochim. Cos-
mochim. Ada 46, 1011-1040.

PLUMMER L. N.. JONES B. F. and TRUESDELL A. H. (1976)
WATEQF—a FORTRAN IV version of WATEQ. a
computer program for calculating chemical equilibrium,
of natural waters. U.S. Geol. Sun-: Water Resources fnr
76-13. 61 pp.

L



Thennodynamic properties of RJ 1601

of

C.

RAISWELL R. and BRIMBLECOMBI P, (1977)-The partition
of manganese into aragonite between 30 and 60°C. Cliein.
Geol. 19, 145-151.

REARDON E. J. (1975) Dissociation constants of some
sulfate ion pairs at 25°C from stoichiometric activity
coefficients. J. Phys. Chem 79(5), 422-425.

REARDON E. J. and LANCMUIR D. (1976) Activity coefficients
of MgCO? and CaSOS ion pairs as a function of ionic
strength. Geochim. Cosmochim Acta 40, 549-554.

SEBESTA F.. SEDLACEK J.. JOHN J. and SANDRIK R. (1981)
Behavior of radium and banum in a system including
uranium mine waste waters and adjacent surface waters.
Environ. Sci. Technol. 15(1), 71-75.

SHANNON R. D. (1976) Revised effective ionic radii and
systematic studies of interatomic distances in halides and
chalcogenides. Acta Cryst. A, 32. 751-767.

S M I I I I . R M jnO MARTELL A. E. (1976) Critical Stability
C«H\UHI^ Innryamc Complexes. 4. Plenum Press. New
York 2.V pp

WAGM\S"D D? EVANS W. H., PARKER V. B.. SCHUMM
R. H.. HMOW I.. BAILEY S. M.. CHURNEY K. L. and
MmAU R. L. (1982) The NBS Tables of Chemical
Thcrmodxnamic Properties. Selected values for inorganic
and C, and C: organic substances in SI units. / Phvs.
Chem Ret Data II. Suppl. No. 2. 392 pp.

WEIGEL F (1977) Radium: Element und Verbindungen.
Gmelin llantlhtuh der Anorganixhen Chemie. Main Series.
8th Edit. System-No. 31. Springer-Verlag. New York.
435 pp.

U.S. EPA (1977) Quality Criteria for Water. Office of Water
and Hazardous Materials. U.S. Environmental Protection
Agency. Washington. D.C. 256 pp.

nd
T

Of
tm.

\
•(n
:a

tl.
g-

'UT
se
j-

. n;

cs
in

-nt.

'61
a

,um
ln\



REFERENCE #33

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



n the meteorite Allende,
.ctory sidcrophile elernet

^45-60.

ry
-tery analysis by
21-52.

71) Poitery analysis by n^
nd Archaeology (editor R. fj

A. (I960) Deter
is of heavy elements «
i lysis. Geochim. Cosmoehai

D. (1973) Thermal neutro,
resonance integrals of »«z,

:44l-2443.
'73) Rare-earth elements J0
•indrules of the Allende

. and DtSBOROL'GH G. A.
•iysiematics of Allende and
•ueil. Gfocliim. Cosmochin.

PALM* H, and SPETTH. B.
he Allonde inclusions and
•Jturc condcnsates. Earth

F. (1976) Refractory/pla-
e calcium-aluminium-nch
•lie prcsolar material? In

F. (1977) Marker events
lar system : evidence from
eh inclusions m carbona-
itrncv VIII. pp. 976-978

rus R. (1970) Ionic radii
tint. CosniHcliim. Acta 34,

(ff
ct Coiinochinuca Actk I»T7. VoL 41. pp. 1*45 w 1671. l>n(>mo« Prm. Prm(«d M Gittl Inlai*

Geochemistry of selenium: formation of ferroselite and
selenium behavior in the vicinity of oxidizing sulfide

and uranium deposits
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Abstract — The geochemistry of Se is largely controlled by that of iron, with which Se is closely ulliliatcd
in both oxidizing and reducing environments. In aerated waters the Sc(IV) oxvamons. HSeOT and
<v-f)j', iirc- tirnnply adsorbed by hydraled surfaces of ferric oxides OVCI' the pH range 2 X: above

jH 8 adsorption d«Ti-i<aM; to complete dcsorption at pH IJ. I his adsorption Irmnobllte Set IV) in
' ncutral-to-acid waters and increases the range of oxidation potential over which Sc(IV) is stable. During
experimental aeration of aqueous Fc-S-Se systems, (he stability Held of Se(IV) is attained, and elemental
So is slowly oxidized to this higher valence: oxidation potentials of the Se(VI) stability field wore
never reached, however, even by continued aeration of an alkaline system. Under reducing conditions.
elemental Se cither is incorporated within pyrite or forms the mineral ferroselite (FeSc;).

Selenium geochemistry is summarized on an Eh-pH diagram, synthesized from equilibrium calcula-
tions. experimental work, and reported geologic occurrences. A stability field for ferrosclitc. constructed
for a Gibbs free-energy value of -23.2 kcal.'mole. is in accord both with its geologic occurrence and
behavior and with conditions under which ferrosclitc has been synthesized. Traces on this diagram
of Eh-pH variation show the behavior of selenium during oxidation of associated iron-sulfidc minerals.
Such considerations also demonstrate the manner in which selenium migrates, is deposited, and is
increasingly concentrated in roll-type sandstone uranium deposits, as well as the relative positions
of the several forms of selenium within the deposit.

INTRODUCTION
SINCE the studies of selenium by GOLDSCHMIDT and
his coworkers (1933. 1935) and the almost coincident
discovery that acute and chronic livestock poisoning
in the western Great Plains of the United States was
caused by selenium assimilated by forage crops from
the soil [see ROSI-NFKLD and BEATH (1964) for histori-
cal summary], there has been continual study of the
geologic occurrence and geochemistry of selenium.
Important works include summary books (TRELEASF.
and BEATH. 1949: ANDERSON vt ul.. 1961: ROSENFELD
and BEATH. 1964: SINDEEVA. 1964: MLTH. 1967: LEU-
TWEIN. 1972). annotated bibliographies (LuTTRELL.
1959; GENT. 1976). and detailed geochemical studies
(LAKIN and TRITES. 1956; COLEMAN and DELEVAUX.
1957; DAVIDSON and POWERS, 1959; DAVIDSON. 1960.
1963: TISCHENDORF and UNGETHLM, 1964; D'YACH-
KOVA. 1965; D'YACHKOVA and KHODAKOVSKIY. 1968;
GEERING ct uL 1968: KINGSTON ci at.. 1968: WARREN.
1968; BL-R'YANOVA. 1969).

At the surface of the Earth selenium occurs in dia-
genetic pyrite of fine-grained sediments (HOWARD.
1969)—for example, certain Upper Cretaceous forma-
tions of the western interior United States—and. in
oxygenated aqueous environments, with hydrous iron
oxides (GOLDSCHMIDT and STROCK. 1935: LAKIN and
DAVIDSON. 1967; HOWARD, 1972). Incorporation of
selenium into su I fides is due to the similarity in
chemical properties of elemental selenium to sulfur
and of ionic sclenidc to sulfide (GoLDScmturr and

HEFTER. 1933); its association with hydrous iron
oxides is accomplished through strong adsorption of
the selenite ions (HSeOj and SeO|~) upon the
hydroxylated surfaces of the iron oxides (PLOTNIKOV.
1964; KINGSTON et al. 1968; HOWARD. 1972). Pyrite
and hydrous iron oxides are abundant and ubiqui-
tous, and these minerals are thus important in con-
trolling the geochemical bt'iavior anrl occurrence of
selenium both in reducing environments and in more
oxidizing milieux.

Selenium is concentrated also in high-temperature
sulfide ore deposits and in uranium deposits in sand-
stones (COLEMAN an-1 DELEVAUX. 1957: DAVIDSON.
1960. 1963: GOLDSCHMIDT and HriTNi;R. 1933: LAKIN
and DAVIDSON, 1967; ROSENFELD and BEATH. 1964;
SINDEEVA. 1964; FARAMAZYAN and ZAR'YAN, 1964;
CHITAYEVA. 1965: D'YACHKOVA and KODAKOVSKIY.
1968: BUR'YANOVA. 1969). The selenium of these
deposits is contained within the suifide minerals and
is also common as native selenium and the selenide
minerals: ferroselite (FeSe2). clausthalitc (PbSc). stil-
leite (ZnSc). cadmoselitc (CdSc). bcrzelianite (Cu2Se).
cucairite (AgCuSeX and others (see BUR'YASOVA.
1969: SINDEEVA, 1964; TISCHENDORF and UNGETHL'M.
1964).

GOLDSCHMIDT and his coworkers (1933, 1935) inter-
preted the selenium cycle on the basis of the known
chemistry of that element, analyses of many different
types of geologic materials, and aTew chemical experi-
ments with selenium and iron hyarQxidc. Their con-
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elusions were essentially (he following: (I) in magma-
tic activity selenium is incorporated in sulfidc
minerals or in volcanic sulfur; (2) selenium is separ-
ated from sulfur during weathering by oxidation to
elemental selenium or to the sclcnite ion, ScO;~,
white sulfur is oxidized to a soluble, mobile SO;"
ion; (3) of ihe sedimentary rocks, shales and particu-
larly iron and manganese ores are enriched in
selenium: and (4) Ihe SeOi." is conrccipilaled or
strongly adsorbed bv frcshjy precipitated fcrrjc
hydroxide, (bus inplnininp its enrichment in
(ary iron-oxide beds. Subsequent interpretations of
selenium geochemistry are based upon the selenium
content of various types of geologic materials and are
generally similar to those of Goldschmidt. with
elaboration and refinement made possible with the
accrual of analytical data (Bvius vi til.. 1938: LAKIN.
1961: LAKIN and DAVIDSON. 1967: ROSCNFFLD and
BI.ATII. 1964: SiNornv-A. 1964).

It is the purpose of this paper to consider the man-
ner of occurrence and the behavior of selenium during
oxidation of selenium-bearing iron sulfidc minerals
and during formation of roll-type uranium deposits
in sandstone. The interpretations arc based on results
of simple experiments and equilibrium calculations.
Geochemical behavior of selenium in aerated natural
waters, during diagencsis of sediments, and in vol-
canic activity will be described in subsequent papers.

THERMODVNAMIC CONSIDERATIONS

Eh-pH diagrams for selenium have been drawn
previously (KRAUSKOPF; 1955: LAKIN. 1961: POUR-
BAIX, 1963). but a more useful Eh-pH diagram than
that of only the chemical species of selenium is a plot
of predominant geochemical species: dissolved ions,
minerals, or adso.Led ions. The association of
selenium with iron sulfidcs and hydrous oxides and
the commonly abundant occurrence of either pyrite
or hydrous iron oxides in various near-surface en-
vironments lead to modified selenium Eh-pH dia-
grams which include these iron species and show the
relationship of selenium to them. The most recent
thermodynamic data available (GARRrts and CHRIST.
1965: KRALSKOI-K. 1967; MILLS. 1975: STLLL and
PROPHCT. 1971; WAGMAN a uL 1968, 1969) were used
for the construction of diagrams from reactions
which, although not experimentally determined, are
balanced equations of Eh-pH relationships among
species which are thcrmodvnamically stable within

•Order NAPS Document 03098 from ASIS/NAPS c/o
Microfiche Publicalions. 440 Park Avenue. New York. NY
10016. remitting S3.00 for the microfiche or $5.00 for pho-
tocopies. Cheques should be made payable to "Microfiche
Publications".

t In the wide range of ionic strengths of the several en-
vironments considered, the ionic activities of selenium
species may vary by at least an order ef magnitude from
their ionic concentrations. For the geologic purposes of
this paper, however, ionic concentrations will be con-
sidered equivalent to ionic activities.

the ranges of oxidation potential and pH considered
for each reaction. These reactions and pertinent oxi-
dation potential-pH relations have been deposited
with ASIS/NAPS.'

Effect of adsorption on xtahiliiy of selenium species
If iron oxide is present in the system, specific

adsorption of selenium oxyamons takes place by ion
exchange with surface «</i«» {—Fe—OH*), hydroxo
(—Fc—OH)t and o/(:£;:>OH) groups of the hydrous
iron oxides and of hematite (Fc,O,). which, in the
presence of water, jgadily develops a hydrous surface
film with ads^rptive_£roperties_of goethite (FeOOHJ.
(PARKS. 19657 1967}. Experimental work (CHAU and
RILEV. 1965; ISHIBASIII rt «/.. 1967; KINGSTON et aL
1968; HOWARD. 1969. 1972) indicates that adsorption
on hydrous ferric oxides removes from 9S tn W-£
of the Set IV) oxyanion from solutions of pHJLaaji
below, the proportion of adsorbed selenium seems
to depend upon the surface characteristics of adsorb-
ing ferric oxide.

The net effect of lowered Se(IV) concentrations? is
to broaden the range ,of oxidation potential over
which Se(IV) cm persist as the predominant and
stablespecics_£Fjg._LVHigher oxidation potentials are '"

/required to oxidize adsorbed Se(JV) to Se(V!), and !

/ in the presence of ferric hydroxide, j:]eniental;_Se_can
'' be oxidized ajjower potentials. Figure I also illus-

trates the almost quantitative adsorption of the Se(IV)
oxyanions at pH 8 to essentially complete dcsorption
at pH 11 (HiNGSTON et ul. 1968; HOWARD. 1972}. Low
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Fig. I. The effect of adsorption of SeOf" upon hydrous
ferric oxide (represented by formula Fe—OH—SeOj") on

Se(!V) stability fields. Dashed lines show resulting shift of
oxidation potentials for Sc(IV>-Se{VI) and Se(IV}-Se(0}
couples; numbers are logarithms of Sc(IV) concentration:
!0'5 and IO"SJM. if not adsorbed: I0~* and 10'43M.
if 90% adsorbed; and 10'' and 10'TJ M, if 99% adsorbed
Large shaded area depicts observed Eh-pH measurements
of natuwl waters and of geologically important organisms
(BAAS BECKING « a/, 1960). HSe) - 2 x 10" SM, repre-
senting the range of selenium concentrations in natural

waters, 10~3-10-*M.
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pH favors the freedom of Sc(IY) in solution, as
HjScO) molecules. The adsorbing hydrous ferric
oxide dissociates under highly acid, oxidizing condi-
tions—the pH of its dissociation depending upon the
crystalline form of the oxide (Fig. 2A)—and the
selenium oxyanion is no longer adsorbed.

^erne-hydroxide ~adsorpli6'n7Hot the formation of
gn insoluble selenite, is responsible for controlling the__
selemte concentration in natural waters.'Scleniurn and
Iron concentrations of natural waters arc far below
the amounts to be expected from equilibrium dissoci-
ation, at any pH. of cither a basic ferric selenite,
Fe2(OH)4SeOj (Bvois et al.. 1938). or another very
slightly soluble selenite. Fc(SeOj)j (Cm.'KiiLANTsr.v
and TOMASHEVSKY. 1957: BUKI-TOV. 1965V

Geocheinifttl stability of irnn-xcleiiitle CHinpotuuts
The Eh-pH diagram of selenium may be further

developed by consideration of the low-temperature
selenide minerals. The mineral ferroselite (FeSc:) is
the stable compound of iron and selenium and occurs
with iron sulfidcs of very high selenium content m
uranium deposits in sandstones of the western United
States (COLEMAN and DI:LI:.VAL-X. 1957; COLUMAN.
1959: GRANGFR. 1966; HARSHMAN. 1966) and. in the
U.S.S.R.. with sulfide and uranium mineralization in
sandstones (BLR'YANOVA and KOMKOV. 1955: BUR'-
YANOVA. 1961. 1969; KASHIRTSI-VA. 1964); another
iron selenide. FeSe. occurs as the mineral achavalite.
Equilibrium relationships between these iron

selenides and iron sulfides are developed herein to
assist in interpreting paragencsis of low-temperature
pyrite-ferrosdite-iron oxide-elemental selenium as-
sociations. Eh-pH stability relationships have pre-
viously been determined for clausthalitc (PbSe) (Tis-
CHENDORF and UNGENTIIOM, 1964) and for some
selenides of Fc. Zn and Cd (BUR'YANOVA. 1969) in

I order to interpret conditions of formation of these
minerals and to compare their geologic stabilities in
low-temperature ore deposits.

The rare occurrence of achavalite (FeSe). even in
mineral associations of high selenium content, can be
understood through examination of Fig. 2. Formation
of FeSe by reduction is unlikely because the equilib-
rium oxidation potentials for reactions (2) and (3) lie
below that at which water is reduced (Fig. 2A and
2B). except at lower concentrations of H;S (Fig. 2C).
Yet the stoichiometric excess of sulfur in the system
which produces pyrite in low-temperature selenium-
bearing mineral associations limits the stability range
of FeSe to oxidation potentials at which pyrite is itself
oxidized, a very small FeSe stability field [Fig. 2A
and 2B. reactions (5\. (61 and (7)]: FeSe can thus
form by alkaline oxidation of FeS-Se" or FeS-HSe"
mixtures. Initial formation of a hydrous iron oxide
in ' the oxidation of selenium-bearing iron sulfide
would permit formation of FeSe. but. since hematite
(Fe;O3) is actually stable at an oxidation potential
below that of the FeS-FeSe couple (Fig. 2A). FeSe
should eventually oxidize to Fe,Oj and to elemental

0.2

0.0

-0.2

-0.4
tA

1 -0.6
c.
UJ

Ft (OH),,

12 10 12

Fig. 2. Eh-pH relations of iron compounds which may form initially in an aqueous system of sulfur
and selenium. The left-hand Fe-Se stabi l i ty field is derived from half-cell reactions | l ) - (4 ) (equation
numbers appear on representative boundary lines: reactions arc in the Appendix), and the right-hand
FeSe field is determined by reactions |5M7\ A. IS is 10"' M: (Fe-'L 1 0 " J M ; and ESe. IO ' J and
I O " J * " M . FeSo and FeS coexist only when the (H,Se)(H,S) ratio exceeds 10';"7. producing the
smaller field within'the left-hand FeSe stability field. This field expands with un increasing (H,Se) (H,S)
ratio (illustrated at 10"3 M H3Se) but disappears at any lower concentration ratio. Dashed lines rep-
resent the H2Sc-Se° and HSe"-Se" couples al IO"3 and IO" J-*7M. Dash-dot lines arc oxidation
and reduction boundaries of FeS, (pyritc). showing that pyrite is more stable than FeS. Double-dash,
double-dot line is the FeS- Fe;O3 (hematite) oxidation boundary. B. Effect of concentration of dissolved-
iron. IS, 10"' M: ISe. 10"J 91 M. C Effect of lower concentrations of dissolved sulfur species. ES.

IO"5M; ISc, IQ-'M.
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Sc without requiring further increase in oxidation
potential.

Recently published thermodynamic data (MILLS,
1975) facilitate calculation of the Gibbs free energy
of formation for ferroselite (Table 1) according to the
relationship

where A///1
J9, and A5^<,f arc the standard heat of

formation (enthalpy) and formation-reaction entropy
differences, respectively, for FeSej at 298.15 K. Of two
estimated heat of formation values, —21.5 ± 3 kcal/
mole and -25.0± 3 kcal/mole (Mats, 1975). Mills
had adopted the latter, which was calculated from
dissociation-pressure dafa. Standard entropy of ferro-
sclite (20.75cal,'mole/K) was determined from heat-
capacity measurements (GRONVOU) and WKSTRL'M.
1962). Another value for the free energy of formation
of ferroselite. —34.06 kcal< mole, had been estimated
earlier (LCTNIKOV. 1965) from theoretical consider-
ation of similarities of other thermodynamic proper-
ties of many chemical compounds of mineralogic im-
portance.

The stability relations of ferroselite are plotted in
Fig. 3 for each of these AG"|.-«S,, values (Table I):
the free-energy value of — 23.2 kcal/mole (MILLS.
1975). however, is used for subsequent interpretations
of selenium geochemistry (Fig, 7). The gcochcmical
behavior of ferroselite and elemental selenium
observed in sandstone-type uranium deposits, as well
as the geochemical character of iron sulfidc oxidation,
lend support to a ferroselite free-energy value of
about —23 kcal/mole. rather than the earlier esti-
mated —34 kcal mole value: this evidence and its im-
plications arc discussed in subsequent sections of the
paper.

Two stability fields for ferroselite. separated by the
pynte field, appear in Fig. 3A because, as determined
from equilibrium consideration of the reaction

FeSe, -f 2S° ̂  FcS, + ZSc" (20)

fcrrosclitc is not stable uith respect to pyrite when
excess sulfur is present. Under these conditions, ele-

mental selenium is in equilibrium with pyrite and is
probably incorporated in the pynte since up to 3%
by weight selenium can be held in solid solution in
pyrite at the estimated formation temperature and
pressure of the Colorado Plateau ores, I38°C and
800 atm (COLEMAN and DCLEVAUX. 1957). Selenium
exceeding this amount may occur as native selenium,
or as ferroselite (COLEMAN, 1959) if excess ferrous iron
is available.

The right-hand ferroselite stability field (Fig. 3A
and 3B) is not large, yet it occupies a gcochcmicaily
significant position, astraddle the boundary between
pyrite and its immediate oxidation product, hydrous
ferric oxide (Fig. 3AI. The size and shape of the field
arc only slightly affected by concentration of selenium
species [reactions (12) and (13)]. Eventual conversion
of ferric hydroxide to the more stable hematite causes
ferroselite to be oxidized at a tower redox potential;
the fcrrosclitc stability field is thus decreased in size
(Fig. 3B).

The formation of ferroselite under naturally occur-
ring reducing conditions, represented by the left-hand
stability field (Fig. 3A). requires either thai the value
of AG°F,St., be more negative than the estimated —23
to -24 kcal/mole or that the concentration ratio of
dissolved H2Se to H2S in the system be in excess
of about I0~2-*. Otherwise, elemental Se within, or
associated with, pyrite will be reduced directly to
H2Se or HSe*. The selenium content of pyrite m
some uranium deposits indicates that the
(H,So)/(H2S) ratio may have indeed been great
enough to form ferroselitc from selenium-bearing py-
rite or seienium-pyrite associations: for example, the
Sc S ratio, by weight, of pyrite with 3"0 by weight
selenium in solid solution is !0"'"J. With no further
knowledge about low-tcmpcraiure distribution of
selenium between pyrite and an aqueous solution,
however, this value can only suggest that the (H2Se)
concentration was large enough to permit reduction
of elemental selenium to ferroselite.

OXIDATION OF (RON SLLF1DE

Oiemical weathering of iron sulfidcs bv oxygenated

Table i. Values of free energy of formation of fcrrosciite calculated from
reported heat of formation and entropy dala

**•£, FeS«2'

kcal/aole

-23.20

-IS. 70

-3*. 06

««° *° '<L°-?l, 298' S ' -S '

kcai/nolc c«l/mol«/°K ctl/molt/°f

-25.0 i 3* 20. 75** -*.05

-21.5 i 3* 20.75** -«.OS
i .

-36.56 - -«.*

* Mius (1975).
" GRONVOLO and WESTXUM (1962).
f LETNIKOV (1965).
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Fig. 3. Eli pH stability relations of psrite. fcrroselite. and
iron inidc. IS = UK ' M. (Fe:'*) = 10" J M. and
£Se § 10" * M. A. Stability boundaries (dash-dot lines,
numbered for reactions: see Appendix) of ferroselite. calcu-
lated for several values of A6,"i ,s.. (indicated on boundary
lines: see text I. and of the iron selenitic. FeSe. For the
right-hand ferroselite stability field, only reactions ( 1 2 ) and
(13) are dependent upon Se concentration (shown at
10'* Ml For AG,Vs«. values of -19.7 and -23.2 kcal:
mole, ferroselite is stable with respect to pyrite and H;Sc
(left-hand stability field) only when the (H.Sel |H,SI ratio
exceeds 10 : "v and 10" ' •'". re>pceli\cl>."Stability fields
are shown at these ratios (10" ' "' .ind 10"- J" M H;Se|:
at lower concentrations this fcrroselite field disappears. For
AGJ'i.s.. of -.VI.I kcal mole, ferroselile is stable ut an
(H.SellH.S) ratio of lO"""1 or greater: the tield illus-
trated is for (HjSc) = 10" * M. extending mlo the
HSe'-H.S field (pH > XXI). FeSe is stable with respect
to H.Se'and FeS only at (H :Se)(H,S) ratio of \Q~*••'
or greater, for which its stability lield is shown adjacent
to and below the -23.: and -19.7 FeSe, fields. Dashed
lines show displacement of Se(IV) reduction due to SeOj"
adsorption (Fig. I). B. Effect of formation of hematite on

the ferroselite stability field.

waters establishes conditions of increased Eh and, in
the absence of neutralizing carbonates or readily sol-
uble silicates, very low pH (SATO, 1960). Reduced
forms of selenium in diagenctic pyritc in sediments,
in hydrothcrmal pyritc of sulfide ore bodies, and in

sandstone-type uranium deposits will be oxidized in
response to the changing chemical conditions. The
experiments with air oxidation of Fe-S-Sc systems
in water which are described below simulate the oxi-
dation of ferrous su I fides and illustrate the consequent
selenium behavior.

Experimental oxidation of ferrous iron (HuoER and
GARRCLS, 1953: SATO. 1960) has demonstrated two
distinct courses of change in Eh and pH, one which
is controlled by hydrolysis of the ferric iron produced
during oxidation and paralleling the Fe(OH)j-Fe: *
equilibrium boundary (Fig. 4, Trace A) and another
in which alkaline conditions are maintained by a car-
bonate buffer (Fig. 4. Trace B). Further, measure-
ments of Eh and pH of natural mine waters, experi-
mental air oxidation of iron and manganese solutions,
and theoretical considerations of chemical and
mineral controls on the oxidation potential indicate
that the maximum oxidation potential which can be
attained by air oxidation of metal ions in aqueous
media is that of the reversible O;-H,O2 couple.

O; + 2rT + 2e-^H,O2 (21)

(SATO. I960: Fig. 4). catalyzed in surface and ground-
water environments by the iron- and manganese-
oxide products of aeration. The oxidation experi-
ments of this study (Table 1 Experiments I. II. V,
and VII) demonstrated the same apparent controls
by the O:-H2O2 decomposition, by the Fe(OH)3-
Fe:* equilibrium, and by a CaCO, (or NH4OH)
buffer.

Apparatus and instrumentation
The experimental apparatus consisted of an air-tight

plastic cell (250 ml) with glass, platinum-inlay, and satur-
ated-calomel electrodes: thermometer: burettes for addi-
tion of acid or base: gas-bubbling tube: and outlet tube
connected to a water trap. Electrochemical output was
monitored by strip-chart recorders through Beckman Zer-
omatic pH meters, and the solution was cn"'inuously agi-
t.iied wi th a magnetic stirrcr. The com^sitions and results
of each experiment, prepared from various reagents in
200 ml of distilled water, are summarized in Table 2 and
Fig. 4.

Selenium was determined by X-ray fluorescence (XRF)
using a vacuum X-ray spectrograph (Philips Electronics
Instruments) with a tungsten target tube and Ni-foil filter
to mask W L , radiation (HowAKD. 19691 Selenium pre-
cipitates on MF-Millipores> filters were mounted in Mylar
film on plastic sample holders (Spe.x Industries. Inc.) for
X-ray analysis.

Analytical procedures
Oxysclenium anions were dcsorbed from ferric hydrous

oxides by shaking with 0.5 N ammonium hydroxide-
ammonium acetate: selenium in the 3-;im filtrate was
reduced to the elemental state by cither sulfur dioxidc-
hydroxylaminc hydrochlondc treatment or stannous chlor-
ide (HiU-tBRANi) et al.. 1953: JOHNSON. 1958; ROSENFELD
and BKATII. 1964) and collected on a 0.45-^m membrane
filter for quantitative XRF determination (CllAN. 1963).
Dissolved selenium forms present in aqueous phases of ex-
perimental systems were similarly reduced after removal
of solid materials by centnfugation and filtration. Elemen-
tal selenium was extracted from solid phases of experimen-
tal systems with carbon disulfide: evaporation of this
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Table 2. Experimental air oxidation and pH variation of prepared aqueous Fe-S-Sc systems*

Experiment Systra composition Procedure Results

III

VII

VIII

Fe-S-Se-CaC03:

(500 ppm Fe*3, 10 pp« SeOj",

$80 pp« S , excess CaCO-}.

Fe-<]uartz-feldspar;

(0,01 M Fe ; excess ground

quart! and feldspar>.

e<OH)3-Se03 : (3.45 »g

Fe(OH>3/ml; 20 ppm SeQ ".

Fe-S-Se-CaCO : (sane a» for

Experiment I).

Fe-S-Se-CaC03:

(Experiment V).

Fe-S: (1000 ppm Fe*3; 0.1 M

KjS (sacd.».

{10 ppm

OH), slu

of Experiment VII).

added Co Fe(OH), slurry

Reduction of Fe and Se and precipitation

of FeS with Na,Sj addition of CaCOy

air bubbling. Duration. 1QS hours.

Reduction of Fe with H_ gas; increase of

alkalinity and precipitation of ferrous

hydroxide (?) with NaOH: air bubbling.

Duration. 17 hours.

Adjustment of pU with NaOH and HCl.

Same as for Experiment I. Duration, 365

hours. Aliquots withdrawn for Se

analysis (Table 3).

Adjustment of pH with HCl.

Reduction of Fe with H^S gas; addition

• of NH4OH and precipitation of FeS; air

bubbling. Duration, 2H days.

Adjustment of pH with iiCl. Aliquots

withdrawn for Se analysis (Table 4

and Fig. 6).

Oxidation at FeS to

Fe(OH>3 and some

Se° to SeO ".

Oxidation of Fe(OH)

to Fe(OH)j.

See Fig. 5.

Same as for Experiment

I; see Table 3.

See Fig. 5.

Oxidation of FeS to

Fe(OH)r

See Table 4 and Fig. S,

•A more deiailed tabulation of experimental composition, procedure, and results is available with the previously
cited NAPS document.

extract under high-purity nitrogen left a precipitate of red
amorphous selenium, to be dissolved with concentrated
sulfunc or nitric acid, diluted, and redt. .ed to elemental
selenium for X-ra> determination. Precision of XRF analy-
sis for precipitated elemental selenium (predominantly the
standard counting error! is very low for a few tenths of
a microgram of selenium, but improves to 15",, and better
for amounts of 1 ;ig or greater (HOWARD. 1969. 1975),

Results of experiments
Selenium added as Se(IV) to the systems (Experiments

I. II. and V; Fig. 4) was reduced to elemental selenium
as the oxidation potentials were lowered but was not again
oxidized to Sc(IV| by the air passed through the suspen-
sion, although the systems rapidly attained their maximum
oxidation potentials—which were similar to those of
natural surface waters and which lay within the ScOj"
stability field—and remained at these high potentials dur-
ing the longest portion of the experiment. Bubbling of air
through an Fe-S-Se-CaCO3 system for a period of 365 hr
(IS days) failed to oxidize the elemental selenium to its
SeO|" form (Experiment V; Table 3h similarly, elemental
sulfur formed from oxidized FeS was not appreciably oxi-
dized to sulfate. [This very high oxidation potential, the
same as that achieved by SATO (I960) in 14 hr of air bub-

bling, may be due to a slowing of the rate of the CK-H.Oj
decomposition reaction whenever the oxidized form of the
catalytic clement—in this instance ferric iron—is in a solid
form (SATO. I960): perhaps continued aging of the FrtOH)3
precipitate slows the reliction rate even further, permitting
higher oxidation potentials to be attained.] More time and
possibly bacterial activity are needed for selenium oxi-
dation. The higher Eh and pH conditions of the SeiVlJ
stability field were never reached in the experimental oxi-
dation of a reduced system by air. Perhaps, therefore, air
oxidation cannot produce SeO;" during natural weather-
ing of selenium and iron-sulfidc mineral associations.

Experiment VIII provides an estimation of the extent
of adsorption of SeO;" on the Fe(OH)j product of FeS
oxidation with increase in acidity of the medium. Sodium
selenite was added to the air-oxidized system (Experiment
VII. Table 2), and. after successive pH adjustments and
12-hr equilibration periods, aliquots of slurry were ana-
lyzed for soluble SeOf', adsorbed SeO|-. ScOi". and ele-
mental selenium (Table 4 and Fig. 6). The dominant sp*1**
found in each aliquot was in accord with the expected
form of selenium (Fig. 5 and Table 4); no ScOi" ***
detected. The amounts determined of each form <*
selenium roughly correspond to those to be expected,
theoretically, for the Eh-pH course of Experiment VIU

0 2
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See Fig. 5.
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1; ice Table 3.
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Fig, 4. Traces of experimental air oxidation of ferrous-iron
solutions. Experiments I. 11. V and VII (Table 2). I and
V: Fe-S-So-CaCOj system: II: Fe-quartz-feldspar sys-
tem: and VII: Fe-S system. Stability fields of iron and
selenium species formed during the experiments are plotted
for reference: (Fe'*)= I0":M. IS=IO"-M. and
ISe=10" 5 M. Also, the Fe:'-Fe(OH)j boundary is
extended through the FeS stability field (vertical dashed
line). Traces A and B (SATO. I960) illustrate air oxidation
of 0.01 M ferrous-iron solutions. The O.-H2Oi couple is
shown for P0::(H,O:) ratios. </. of I and" 10""(SATO, I960).

(Fig. 6). although the amounts of free SeOj" seem much
too large at pH 8. 6. and 4.

The Eh variations that occur with these experimental
pH adjustments (Fig. 5) arc not fully understood. Coating
of the platinum electrode with ferric oxide should cause
the oxidation potential to approximate the Ncrnst poten-
tial

Eh = E° -0.177pH - 0.059 log (Fe2*). (22)
where the value of the standard electrode potential. £°.
depends upon the particular iron oxide in a ferric oxide-
ferrous ion reaction such as

be observed in the course of the experiment—and such
should not be the case (DOYLE. 1968V—ind if no other
oxidation-reduction couple exerts a pH-dependent control,
the Eh should vary according to

Eh -£?,-.„,- 0.003 (/>„,) - 0.059 pH. (24)
the oxidation potential of the H*-H ; equilibrium. Yet the
measured Eh-pH slopes (Fig. 5) are neither —0.177 nor
-0.059V per pH unit. The oxidation potential did finally
rise to higher Eh values (Experiments VI and VIII. Fig.
51. with a slope between the final and the initial points
of about -0.059 pH. Perhaps slow equilibration of ferric
hydroxide to the added acid, by some one-to-one H*-e"
transfer reaction, caused the observed Eh-pH variations.

In summary, the experimental oxidation of aqueous
Fc-S-Se systems suggests the following conclusions
about the behavior of the selenium during natural
oxidation of sclcniferous iron sulfidc:

(1) The highcr-valcnce-statc stability fields of
selenium—at least Se(IV)—can be attained by air oxi-
dation of a reduced aqueous Fe-S-Sc system, either
acid or alkaline, but elemental selenium is only slowly
oxidized to ScOj~. Lowering of the Eh-pH condi-
tions into the elemental-selenium field, however,
easily and rapidly reduces oxidized selenium.

(2) With oxidation of selenium in iron-sulfide sys-
tems, buffered at pH8-9 by CaCO}. some selenium
should become mobile, because the ScOf" ions are
not adsorbed strongly at the higher pH. at least
pH 9-10, Adsorption at lower pH was not adequately
demonstrated by these particular experiments, but it
has been demonstrated elsewhere (JJINGSTQN et ai.
1968: HOWARD. 19721 Oxidation under acid condi-
tions should produce HSeO;. which will be strongly
adsorbed by Fe(OH)j at low pH and immobilized.

(3) The stability field of Se<VI) may not be attained
by air oxidation of sulfides. so that formation of the
sclenate (SeO;~) species, even under alkaline condi-
tions, should not take place under natural conditions
of weathering.

DISCUSSION

\
rc(OHl) + 3H' + e~ ;± Fe- *,+ .'H;O. (2.1) -r^c geochemistry of selenium is summarized by the

Even if the ferrous-ferric reaction should be too slow to Eh-pH diagram of Fig. 7. which is based on the ex-

Table 3. Amounts of selenium in 20.0-ml aliquots of slurry withdrawn during air
oxidation of aqueous Fe-S-Se-CaCO3 system. Experiment V. Aliquots were centn-
fuged and the supernatant filtered through Milliporc* J-jmi filters. The adsorbed
SeOj" and the elemental Seu were removed from the FelOHlj precipitate by
successive extractions with NH4OH-NH4OAC and CS;. respectively. The 20.0-ml

aliquots should contain 200 fig selenium

TIM pH

during
oxidation.
hrs,: alas.

7:20 8.53

50:55 8.33

364:55 8.43

Eh, mi. Identity of
•uapcnded

solid
>3-u

ppt-

175 Fe(OH)3-S° 0.7

280 Fe(OH)3-S° 4.3

305 Fe(OH)3-S° 1.7

Seleniua, ug

3-u ads. eleti.

fi l trate SeOj Se

0.7 0.4 > 53

0.» 0.2 >13S

0.8 0.2 >14J
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Table 4. Amounts of selenium in 20.0-mi aliquols of Fe(OH)j-S8

slurry (Experiment VII I ) withdrawn during increasing acidifica-
tion of aqueous FcS system previously oxidized by air bubbling
(Experiment VII). Separation of the selenium forms was identical

to that of Experiment V (Table 3S

a. •>.

(0.4 5-. f lttriK)

».§7
1.07

4.17

).M

2.07

2. It

1M

221

2S3

in
411

H7

12.2

??.»

U.4

13.4

0.1

O.J

0.7 0.4=

13.5 5.2'

> .»

0.3 107.4

1.2 157.5

1.2 171. J

'Total 200;tg in each aliquot was never recovered, indicating
need for improvement of separation techniques.

* Extraction was not successful.
"Some extracted material lost after the evaporation of CS2,

pcrimcntal work and theoretical computations pre-
scnted herein and elsewhere (HOWARD, 1972) and
upon the geologic considerations which follow. Of
major interest are the tow-temperature oxidizing and
reducing environments in the vicinity of ore bodies
which contain iron sulfides. Adsorbed ScOj",
selcnium-.bearing pyrite. and ferroselite are important
geochemical forms of selenium in these environments.

Ferroselite in sandstone-type uranium deposits
occurs near the interface between altered sandstone
(which contains goefhite, limonjte, and hematite) and
either pyritic uranium ore or unoxidized barren sand-
stone containing pyrite with low selenium content
(GRANGI:R. 1966: HARSHMAN. 1966: GRANGLR and

WARRL>'. 1969). Associations both of ferrosclitc-pyrite
(and marcastte) and of goethite-hematite-ferroselite
are seen, implying that seienium and ferrous iron,
released in the destruction of pyrite by oxidizing solu-
tions, have combined to form the minute stellate crys-
tals of ferroselite (GRANGER, 1966). Ferroselite, then,
is stable in an environment more oxidizing than is
pyrite. If the Gibbs free energy of ferroselite were not
more negative than about — lOkcal/mole, there
would not be an FcSe, stability field between the pyr-
ite and ferric hydroxide fields (Figs. 3 and 7). Stability
of ferroselite at pH below 8 (produced by oxidation
of pyrite and subsequent hydrolysis of ferric iron)
further requires that its free energy of formation be
more negative than — 15 kcal/mole:

Ferroselite has been synthesized at pH ranging

£UU

e 150-
o<;
Sroo-
•
I/)
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0-
2

!

1

\

j
i —— 4-
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H

————— — — t. OCIIVI
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'• ( SeOf
\ 1 3

\/
>
/.•

/ \,odsorbed
,' ^ SeO,'

lO

Fig, 5. Eh variation with experimental adjustment of the
system pH, Experiments HI, VI, and VIII (Table 2). Arrows
show direction of pH change. Stability Relds of selenium

(10"* M) are plotted for reference.

Fig. 6. influence of pH upon form of selenium (Experiment
VIH, Tables 2 and 4). Amounts found by analysis are
shown by vertical lines: elemental Se, solid lines; dissolved
SeOj", dashed Sines; and adsorbed SeOf", dotted lines.
The expected relative proportions of selenium forms, plot-
ted as curves, were determined from the Nemst potential
of Trace VIII. Fig. 5 (0.330-0.14 pH V) and from adsorp-
tion studies with selenite and hydrous ferric oxide (KING-

STON « a/., 1968; HOWARD, 1972).
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Fig. 7. Eh-pH diagram of predominant So species in earth-
surface aqueous environments. FcSc, (ferrosclite) field cal-
culated for AG° of — 23.2 kcal.'mole. Double-dash, double-
dot line within the ferrosclite field is FeSe., FcjOj-Se0

boundary (reaction 19. Fig. 3B): shon-dnsh line within the
pyrite field represents the Se°-H;Se and Se°-HSe'
couples. Dashed lines parallel to the Sc<Ot-So(IV) and
Se(lV)-Sc(Vl) boundaries show displacement of these
couples by adsorption on ferric hydroxide: vertical dashed
lines bound a "transition" zone of decreasing adsorption
with increasing alkalinity (Fig. I). (Fe-*) is 10~ J M: ES.
10"'M: and ISe. 10'* M.

from 7 to 9 and at temperatures of 80~C (WARREN.
1968), simulating the ore solutions which formed the
roll-type uranium deposits (GRANGER and WARREN,
1969). No ferroselite was produced at pH 6 or below
(WARREN. 1968). The synthesis involved reaction of
solid FeS with a solution prepared by reaction of 1 M
sodium sulfitc with elemental selenium, purported to
be an equilibrium mixture of sodium sulfitc and
sodium selcnosulfatc. Na:SSeO3. Although the oxi-
dation potential of these ferrosclite syntheses is not
reported, the near-neutral to alkaline conditions of
its formation are in accord with the theoretical stabi-
lity field of ferroselite (Figs. 3 and 7).

A ferrosclite stability field constructed at AF"^^
of -23.2kcal/mole (Table 1: MILLS. 1975) is larger
than that for the free-energy value of —15 kcal/molc
inferred from its field occurrence (Fig. 3). It extends
to pH 5, lower than that at which ferrosclite could
be synthesized (WARREN, 1968). but perhaps the oxi-
dation potential of the synthesis experiments lay out-
side the ferrosclite domain at pH 6 and below. If the
free energy of ferroselile were to be more negative
than - 23.2 kcal/mole [as. for example, that of BUR'-
YANOVA (1969)]. the range of gcochcmical conditions
under which ferroselite can form would be expanded
even further, including a stability domain at acid, very
reducing conditions (Fig. 3). No field evidence sug-
gesting that ferroselite forms at Eh-pH conditions
more reducing than the pyrite stability field has been
reported, however, and such acidic reducing condi-

tions are unlikely in natural waters (BAAS BECKING
ct aL I960; SATO. I960).

Oxidation of selenium-hearing sulfides
The Eh-pH conditions in the vicinity of an oxidiz-

ing sulfide body should, according to experimental
results, vary along one of two courses (Fig. 4): in-
creasing oxidation of the ferrous iron of pyrite and
consequent ferric-iron hydrolysis makes the medium
increasingly acid, and the changing Eh and pH will
follow the Fe(OH)j-Fe-* equilibrium. If. however,
calcite or reactive silicates are present to neutralize
the acid, the oxidation potential will rise, but the
waters will remain alkaline or neutral. These paths
can be transposed to Fig. 7 from Fig. 4 for reference.

Oxidation of sclcnifcrous pyrite will release
selenium from the pyrite structure. At low potentials
the selenium may combine with ferrous iron to form
ferrosclite. such as that associated with some sand-
stone uranium deposits of the western interior United
States. Further oxidation will eventually form elemen-
tal selenium, which may persist to oxidation poten-
tials well above the upper oxidation limit of pyrite
(Fig. 7), associated with limonite and jarosite. Experi-
mental oxidation to SeC>3~ takes place only very
slowly, leaving most of the selenium in the native
state, and elemental selenium has been found in
several natural limonite materials of weathered sedi-
mentary rocks (SAVH/EV. 1963; HOWARD, 1969). As
the Se(O>-Se(iV) couple is attained, and selenium is
oxidized to HSeOj under acid conditions, it should
be adsorbed on the limonite as demonstrated by
numerous adsorption experiments with hydrous ferric
oxides and ferric-oxide-bearing rock materials (BYERS
ft aL 1938: OLSON. 1939: OLSON and JENSEN, 1940;
PLOTNIKOV. 1958. I960. 1964; KINGSTON et aL 1968;
GARY vt aL 1967; HOWARD, 1969. 1972) and experi-
mental L'.xtractions of selenitc from limonitic materials
(GEERiNG ct uL 1968; HOWARD, 1969).

Whether selenium can be oxidized by aerated
waters to the extent necessary to form the mobile
ScO;~ ion is still uncertain. Selenate has been
reported as a soluble constituent of soils, identified
on the basis of its chemical behavior (that is. it is
not reduced by SO: in sulfuric acid solutions) (RosEN-
FI:LD and BEATH. 1964; GARY et aL 1967). and LAKIN
(1961) has suggested that, in an alkaline environment,
ScOj" is oxidized to the Se(VI) state, ScOj", which
neither is strongly adsorbed nor forms insoluble com-
pounds and is. therefore, a mobile ion. Catalytic
decomposition of the oxidation by-product, HjOj,
however, seemingly prevents attainment of oxidation
potentials high enough to form SeOi" during
aeration of natural waters (SATO, I960). Even with
removal of H2Oj and reduced ionic species in migrat-
ing waters and subsequent replenishment by oxy-
genated water, the remaining ferric-hydroxide oxi-
dation products will catalyze the decomposition of
H2O: produced in subsequent oxidation, again inhi-
biting the oxidation process. Oxidation experiments
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Arrow shows direction in which ore solution moved. [Modified from HARSHMAN (19661.]

with clausthalitc (PbSe), selenium-containing galena
(PbS). and SeOj"-ferric hydroxide systems have also
reportedly failed to put selenium into solution as the
SeOj" ion (D'YACtiKOVA. 1965: KLLIKOVA. 1966).
Mobility of selenium as a dissolved ion does not
require oxidation to SeOj", however: scicnite. which
does not form an insoluble ferric selenite but is
adsorbed on hydrous ferric oxide at pH below 8. is
increasingly desorbed from pH 8 to 11, is not
adsorbed at all at pH above 11. and becomes, there-
fore, free for transportation in alkaline waters.

Such should be the behavior of selenium during
osidaiion of its pyrite host, whether in sulfide ore
bodies or in diagcnetic pyrite. Acid conditions should
prevail in the weathering zone of large pyrite bodies,
witi) subsequent accumulation of Se" and SeO|" in
the limonite gossan. Oxidation of selenium-bearing
sedimentary pyrite grains (and organic material), if
neutralized by calcium carbonate of the sediments,
and. more slowly, by reaction with the silicates,
should release SeO^" to migrate until adsorbed by
limonite in waters made more acid, perhaps by
atmospheric carbon dioxide. The localized environ-
ment of a diagenetic pyrile nodule undergoing oxi-
dation, however, might remain acid, perhaps affected
by its limestone host rock only around the periphery
of the nodule. Selenium should remain in the nodule
as adsorbed SeOj" or elemental selenium: high
selenium contents are indeed reported for goethite
pseudomorphs after pyrite nodules in certain lime-
stones (WILLIAMS and BYERS, 1934; HOWARD. 1969).

Selenium behavior in ihe ricinity of uranium ore
deposits

The roll-type uranium ore bodies of Wyoming and

Texas and tongue-like ores in the Colorado Plateau
are concentrations of uranium and associated metals
(e.g. iron, molybdenum, vanadium, selenium) in gently
dipping, permeable sandstone units which are con-
fined between units of much lower permeability.
These bodies, elongated parallel to the plane of strati-
fication. are crescent-shaped in vertical cross-section
(Fig. 8). The up-dip and concave side of the ore body
forms a sharp interface with sandstone altered by oxi-
dation: down dip the sandstone is unaltered by
groundwaters. iron is in the ferrous state in silicatn
and in diagenetic pyrite. and abundant carboriu^ous
plant materials occur throughout, all attesting to the
prevalence of reducing conditions prior to formation
of the roll deposits. These deposits probably formed
as oxidizing meteoric solutions moved through the
host sandstone, dissolving pyrile and other readily
oxidized minerals (GRANGER and WARRIJSoxiaizeg_
JSIAJrThc solution gradually lost its oxidizing pofen-

/ tial through these reactions and passed into the
j reducing environment of (he host rock, depositing.
| reduced iron, selenium. an<i uranium minerals. These
'•~percotlfinjg~g7ounfj waters have continually brought

into solution and subsequently deposited the minerals
at the migrating interface between the oxidized and
reduced environments, increasingly concentrating
those elements which are immobile under reducing
conditions (GRUNER, 1956). Selenium is concentrated
(Fig. 8) as elemental selenium in oxidized sandstone
near the deposit, as ferroselite in both goethite-hema-
tite and pyrite-marcasite associations at the oxidized-
reduced interface, and as ferroselite and native
selenium with the pyrite-marcasite and uraninite-
coffinite assemblages of the ore body (GRANGER.
1966; HARSHMAN. 1966; GRANGER and
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1969). Tabular ore deposits of the Ambrosia Lake dis-
trict. New Mexico, have in some places been altered
and redistributed by oxidizing waters to produce ore
bodies with characteristics similar to those of the roll-
type deposits (GRANGER and WARREN. 1974).

Eh and pH of meteoric solutions in the vicinity
of uranium and sulfide ore deposits, which vary spa-
tially and temporally over a wide range, have been
delineated from Eh-pH measurements of oxidizing
mine waters, experimental oxidation systems, and sta-
bility field of minerals which are sensitive to changes
in the oxidation potential (SATO, I960). Changes in-
duced toward either more oxidizing or more reducing
conditions should follow paths of Eh-pH change,
according to the buffering capacity of the environ-
ment, similar to those depicted in Fig. 4. Oxidation
potentials within the front result from the relative
amounts, in the mixing fluids, of active oxidizing
species introduced by the ore solution and of reducing
species already present in the host rock and its con-
tained fluids or produced by oxidation-reduction
reactions which take place within the mixing solu-
tions and fluid-host medium. Oxidizing reactions use
up reducing agents of the host rock (pyritc. ferrous
clays, carbonaceous material) and produce, either by
bacterial activity or in biologically sterile reactions,
both oxidized and reduced chemical species. The ulti-
mate oxidized species—SOi". ferric hydroxide.
CO2—arc essentially inert and do not elevate the oxi-
dation potential of the solution (GRANGKR and
WARREN. 1969). The reduced species—such as Fe2*.
HS~. H:S. S:Oj"—are reactive, however, so that oxi-
dation actually maintains a reducing environment.
Only complete oxidation or removal of all reducing
agents by the migrating fluid and introduction of
more oxidizing agents will raise the oxidation poten-
tial.

Selenium, in low concentration in the unaltered,
reduced rock (HARSHMAN. 1966. 1974). should occur
as either f'-"os<.'itc. or. more likely, substituting for
sulfur within the pyrite (CoLtMAN and DixtVAUZ.
1957). As the ore solution intrudes the non-mineral-
ized host rock and conditions become increasingly
more oxidizing, pyrite should be destroyed and fcrro-
selite be formed from the released ferrous iron and
selenium (Fig. 7). or perhaps the delicate stellate crys-
tals of fcrroselite observed in these deposits
(GRANGER. 1966) arc cxsolution forms in pyritc pre-
served after oxidation. More intense oxidation and
consequent rise in oxidation potential should destroy
the fcrroselite. producing ferric oxide and elemental
selenium. Subsequent encroachment of ore solutions
of even higher oxidation potential will oxidize the ele-
mental selenium to a sclcnite form. SeOj" or HSeOJ.
Some, perhaps most. SeOj " ions will move with the
alkaline oxidizing fluid, leaving behind hydrous ferric
oxides with some selcnite absorbed. As this ScOj~-
bcaring solution moves on into the reducing environ-
ment of the host rock, its Eh will be lowered both
by H:S generated by sulfatc-reducing bacteria in the
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host rock and from dissociation of unstable sulfur
species (for example. SO," and SjOj") which are
intermediate products of pyrite oxidation (GRANGER
and WARREN, 1969). Such dissociations produce HjS
and HS". which lower the Eh of the solution, and
inert SOi", which exerts no control over the oxi-
dation potential (GRANGER and WARREN. 1969).
Selenite is reduced at the lowered Eh to elemental
selenium and precipitated at the margin of the oxi-
dized host rock with the ferric oxides formed from
pyritc, the oxygen-acceptor in the reduction of
ScOj". Other chemical species which require lower
Eh for their reduction, such as those of uranium,
vanadium (CARRELS and CHRIST. 1965). molybdenum,
and iron, will move to the more reducing environ-
ment beyond the zone of selenium accumulation and
be deposited (KASMIRTSEVA and TROSTYANSKIY. 1970).
The solution, depicted of its metals and oxidizing
capability, passes on into the reduced rock.

Elemental selenium will accumulate until the reduc-
ing agents in the rock cither are oxidized or coated
protectively with oxidized material. The ore fluid
which subsequently enters this zone can then main-
tain its moderately elevated Eh and can bear SeO;~
(and other oxygenated metal ions) without reduction
beyond and into the region of lower oxidation poten-
tial. This ScOj" is reduced to form fcrroselite and
ferric oxides coevally by reaction with free ferrous
iron and pyritc. Ferrosclitc formation is represented
summarily for thcrmodynamic consideration (Figs. 3
and 7) by the reactions

and
FeS: + 2Sc° + 8H20

^FeSc2 + 2SO;- + I6H + -I- I2e". ( 1 1 )

although these reactions may not depict actual reac-
tion mechanisms. Selenium may. in solutions with
limited oxygen supply and moderately low Eh. form
the sclenosulfatc ion. SeSOj". by reaction of elemen-
tal selenium with sulfite (WARREN. 1968). an inter-
mediate product of sulfur rcdox reactions. Such a
metas .ible selenium-sulfur ion might thus effect
movement of selenium into the region of very low
Eh within the ore deposit (GRANGER and WARREN.
1969).

Reduction of ScOj" and formation of ferrosclite
continues until oxygen acceptors are consumed.
Selcnite ions can then be carried through the elemen-
tal selenium-ferric oxide and the fcrrosclite-ferric
oxide zones, passing into the ore zone, a region of
lower oxidation potential in which reduced forms of
several metals have already been deposited and in
which the active reducing agents H2S and HS". pro-
duced cither by biologically sterile dissociation of
oxy-sulfur products (GRANGER and WARREN, 1969) or
by bacterial sulfatc reduction, arc accumulating. Fer-
rosclite forms in this zone in association with iron
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sulfidcs and reduced uranium minerals. At very tow
oxidation potentials, selenium is incorporated into the
iron-sulfidc mineral structures, forming highly sclem-
fcrous pyrite or marcasiic (COLEMAN and DU.EVAUX.
1957).

Continued introduction of oxidizing ore solution
oxidizes and mobilizes elemental selenium from the
upflow side of the metal deposit and moves it into
an environment of lower potential to be reduced and
deposited. As the higher oxidation potentials
encroach upon the deposit the following successions
of oxidative reactions occur: elemental selenium to
SeOf": fcrroselite to elemental selenium and, subse-
quently, to ScOf"; sclcniferous pyrite to ferroselitc
and ferric oxides, then to elemental selenium, later
to ScOj". Similarly, other minerals of the deposit are
oxidized, moved, reduced, and deposited. Early
mineral accumulations which arc very low in tenor
become, through successive activity of the oxidizing
solution, deposits of much higher concentrations
(ORUNER. 1956; KASHJRTSKVA. 1964; GRANGER and
WARREN. 1969). Selenium lags behind in the migra-
tion of other minerals of the ore body as it requires
conditions more oxidizing to be dissolved and will
be deposited as elemental selenium and fcrroselite
upon encountering a rcdox potential less reducing
than that necessary to form pyrite and the uranium
minerals.
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ANIUM RESOURCES OF NORTHW^BRN NEW Mi

-Uranium deposits, 6y county, in northtcetiern New Mexico-

oattoo

T. R.
Description at depwit «nd nmpfe

Junior (4) _____ NEK *_____ - 13 N. 10 W.

Pat (Dakota) («4). SEKNEK 4__. 13 N
(about 300 ft
from K cor.
sees. 3 and
4).

Do.

Section 5 (West- 5_______
vaco; Febco(?))
(S).

Sections 10 and 11. 10 and 11-....- 13 N

Mineralised cone in carbonaceous sandstone near FN, November
base of Dakota Sandstone. Ore mined from open-
cut, 1953.

10 W. Several lenses of dark-gray radioactive material in
tone about 15 ft thick in upper part of 60- to 80-ft-
thick sandstone. This sandstone may be at base of
Jmb or at top of Jmw. The lenses are in buff to
gray crossbedded sandstone and range in thickness
from a few inches to about 1 ft. In 1954, the
workings were four short partly connected adits, all
within an outcrop distance of about 100 ft. Mined
in 1952-63 but most of ore mined since 1958.

13 N. 10 W. Probably in Dakota Sandstone, but some may occur
in Jmb. Ore was mined from adit, 1958.

AEC.

10 W. Mineralized material in sandstone in Jmb and
possibly in Jmw.

Sections 12 and 13. 12 and 13...... 13 N. 10 W. Mineralized material in sandstone in Jmb and
possibly in Jmw. Locality is near western limit of
Jmpc. Relations of the deposits to Jmpc are not
known.

Some mineralized sandstone and a few scattered
mineralized fossil logs at outcrop, probably in
Jmpc.

Small deposit in middle and lower parts of Todilto
Limestone, associated with eastward-trending
intraformational anticlinal fold in limestone.

Section 14........ NEK 14... —._ 13 N. 10 W.

13 N. 10 W.Red Point Lode
(*«).

SWKSWK
NWK 16.

Section 17........ NWK 17-____ 13 N. 10 W.
Deposit mined from open pit, 1952-55.

Several small deposits in Todilto Limestone.

Do—.——. NWKNWK 13 N.
SWK 17.

Section 18, NEK— SKNEtf 18...„ 13 N.
10 W. Small deposit in Todilto Limestone-

Section 18, SWK SWK 18....._ 13 N.
(Williams and
Thompson) (Sf).

„. SEJi 18. ....... 13 N.

Haystack (Hay- NWK 19- — -_. 13 N.
stack Butte;
Section 19,
NWK) (*«)•

IOW.

IOW.

IOW.

10 Wl!
4

Northward extension of several medium deposits
from SEK of section and several other scattered
small deposits in Todilto Limestone.

Cluster of medium and small irregularly shaped
deposits in Todilto Limestone. Several deposits
mined from inclined shaft, others from openouts,
1952-64.

AEC, DH.
Do.

Mathewson (1953,
p. 11).

Gabelman (1956b,
p. 394);
McLaughlin
(1963, p. 146).

Food Machinery a:
Chemical Corp.
DH, July 1955;
and AEC, DH.

Do.
AEC, DH.

Federal Uranium
Corp., DH,
June 1956; AEC

oxidized deposit approximately _ ——— ,— „
Todilto Limestone. Deposit is elongate nc -'hward
and associated with numerous intraformational
folds in limestone, some of which include the top
few feet of the Entrada Sandstone These folds
have diverse trends, but the dominant trends are
northward and eastward. Ore mined from opencut,

Section 19, NEK NtfNKNEK 19.. 13 N.
Section 22, NEK— NEK 22...._. 13 N.

Section 23 (SS).--- StfSEK 23___ 13 N

10 W. Several small or medium deposits, near or at outcrop
of Todilto Limestone. Deposits mined in 1959-64.

10 W. Small deposit in Todilto Limestone. Deposit worked
by open pit, but no shipments reported.

10 W. Cluster of small and medium irregularly shaped
deposits in middle and lower parts of Todilto
Limestone. Cluster is in elongate zone about 300 ft
wide that trends eastward along southern margin
of SEK of section and into adjoining sees. 25 and
26. Ore mined from opencuts, 1957-58.

BobCat(H)___ NEKNEK(?)24. 13 N. IOW. Deposit probably in Jmpc. Ore shipped in 1955__..

partly ; FN, July 1955;
part of Haystack Moui

tain and Devel<
ment Co., DH,
1955; Gabelma
(1956b, p. 393-
396).

AEC.
McLaughlin (196

p. 146).
Haystack Mount

and Developmi
Co., DH, June
and January 1£

AEC.
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* high uranium content of the host rock is dem-

onstrated by * suite of 10 samples collected between
Ahiquiu and Santa Fe (fig. 18). Uranium content of
these samples ranged from 2 to 12 ppm (parts per
million) and averaged >5 ppm. Eight of the samples
were sandstone and two were siltstone. Although they
were collected roughly parallel to the strike of the
beds, they likely represent several hundred feet of
stratigraphic section, including the part that contains
the uranium deposits, because the coverage is about 40
miles.

The high uranium content of the Tesuque Forma-
tion can most likely be attributed to the high uranium
concentrations in the volcanic ash, as shown by the
following five samples:

Sample Locality Description
Uranium

content (ppm)

2A *—— . Center EH sec. 33.
T. 19 N., R. 9 E.
( = 1 mile south of
locality of sample
252605, fig. 18).

2B * — _ _ _ _ _ _ _ _ d o _ _ _ _ _ _ _ _ _ _

2*. -do.

230584... NWKSEM sec. 17,
T. 20 N...R. 9 E.

239585... Center SWK sec. 17,
T. 20 N., R. 9 E,
( = 3,500 ft north-
east of locality of
sample 252603,
fig. 18, and 1,700
ft west of locality
of sample 239584
(see above).

Top 3 in. of 42-
in.-thick expo-
sure of ash bed.

28 in. above base
of ash bed de-
scribed for
sample 2A.

6 in. above bane
of ash bed de-
scribed for
sample 2A.

Channel across 4-
ft-thick white
tuff bed.

.__do__.......

18.1

10.7 (')

5.6

C) 20

C) 30

* Aniljrrt, C. Q. Anfelo.1 Dmt» from B. L. Cannon (oral common., IMS).

These samples show a range in content of 5.6-30
ppm T7 or ell and, although the ell values may be
high because of disequilibrium, the tuffs probably
average more than the entire host rock.

The uranium deposits postdate the Tesuque Forma-
tion. Their surficial relations and envelopment within
radioactive opal, which also coats surficial debris, in-
dicate that they were probably formed in the present
cycle of weathering.
PENECONCORDANT DEPOSITS IN TODILTO LIMESTONE

AND ADJACENT FORMATIONS
About 100 deposits or clusters of deposits are listed

in the Todilto Limestone, of Jurassic age, on plate 1.
Deposits occur in other limestone units, but are uncom-

,r . associated with faults and
are ciassiried as vein deposits. A few others are seg-
ments of deposits that are primarily in sandstone; they
have been described previously. Most of the deposits
in the Todilto Limestone are in the Ambrosia Lake
and Laguna districts, McKinley and Valencia Counties.
A few are scattered in the southern part of the Chama
Basin, Rio Arriba County, and in the Chuska district,
San Juan County.

From 1950 to 1964, about 980,000 tons of ore was pro-
duced from 52 mines in the Todilto Limestone. This ore
had an average grade of 0.22 percent U_O» but ranged
from 0.10 to 0.43 percent TJ_Og among the mines. Prior
to 1959, 445,000 tons of this ore averaged 0.14 percent
V2OS and had a TJ: V ratio of about 5:2, similar to that
of most of the deposits in sandstone. All but a few
thousand tons was mined in the Ambrosia Lake District;
the remainder came from three mines in the Laguna
district and one mine in Rio Arriba County.

The ores ranged fro 25 to 98 percent lime and aver-
aged 80 percent. Ores from only a few mines averaged
less than 50 percent CaCOs; these were mostly mixed
ores that came from deposits that extended into the
underlying Entrada Sandstone or overlying Summer-
ville Formation, such as the Sandy, ffia, and Hay-
stack 2.

STRATIGRAPHY
Regional stratigraphy of the Todilto Limestone and

its relations to the underlying Entrada Sandstone and
overlying Summerville Formation were outlined pre-
viously (p. 18), but the local stratigraphy in the Am-
brosia Lake and Laguna districts will be discussed in
more detail to explain the relationships of the deposits.

In the Ambrosia Lake district only the limestone
member crops out, but the gypsum-anhydrite member
has been penetrated by drill holes about 8 miles
north of the outcrop (J. C. Wright- written commun.,
1957). The limestone member, which contains all the
deposits, ranges in thickness from about 5 to 30 feet
and averages about 15 feet. It comprises three units
which are referred to locally as the basal "platy," me-
dial "crinkly," and the upper "massive" zones. The
platy and crinkly zones are about equal in thickness
and compose about half the total thickness of the mem-
ber. They consist of fine-grained laminated and thin-
bedded limestone, which contains thin siltstone part-
ings and locally seams of gypsum. Black fine-grained
films of carbon-rich material are conspicuous locally,
especially along the partings in the crinkly unit. Bed-
ding in the platy unit is undisturbed, but in the crinkly
unit is intensely cremilated. The massive unit is more
coarsely crystalline and indistinctly bedded limestone,
and it varies markedly in thickness from place to place.
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5936'

5934'

5932"

5930'

5928' — ,\-

5926' —

5924'

5922' —

, EXPLANATi

Limestone breed*
Moon*

Limestone
Laminated

Limestone
Aikmive, tfiicJc-beo^ed. Dojhed

when bedding indistinct

Aragonite

Coarse calclte

Isorad line
Showing radioactivity, in miltiraenfgens

per hour. Hochures poinf in direction
of higher rodioocfivSy •

FiotrEK 19.—Geologic section across uranium deposit in Todilto Limestone, showing displacement by diabase
intrusive,'Sandy mine area. Geology by Frank Hensley.

intersect deposits, the deposits are displaced and
therefore must be older.

Gabelman (1956b, p. 391-392, fig. 132), however,
implied that the deposits may be younger than the
faults and folds by noting that the deposits occur
within the area of strongest faulting and along the
axes of northeastward-trending folds, both of which
are on the flank of the Zuni uplift and within the
sharpest bend of the strike of the Thoreau homocline
(meaning the bend of the Chaco slope southeastward
around the Zuni uplift and southward along the west
flank of the McCartys syncline).

Gabelman's northeastward-trending folds probably
are related to the subparallel faults (see p. 61), and
both probably are the same age. Because the faults
displace the deposits, both the folds and the faults must
be younger than the deposits and could not have influ-
enced their emplacement

The oldest recognizable structural features that are
certainly younger than the deposits are the fractures
in the Laguna district that formed contemporaneously
with the Rio Grande trough during the third period of
deformation. These fractures are intruded by diabasic
dikes and sills which, in turn, are broken by the same
set of fractures, a relation that indicates their contem-
poraneity. The deposits show no relation to the frac-
tures, and the diabasic intrusives displace and metamor-
phose the uranium deposits (Moench, 1962; 1963c, p.

161) (fig. 19). These facts demonstrate that the deposits
are clearly older than the fractures and the intrusives.

Field relations indicate the fractures and intrusives
probably formed mostly in middle to late Tertiary time,
and probably prior to the Mount Taylor eruptions.
Inclusions of the diabase were found in a volcanic pipe
that probably supplied one of the earliest basaltic flows
(Hilpert and Moench, 1960, p. 444). The fact that these
flows were extruded during the latest stages of the
Mounf, Taylor eruptions indicates the diabasic rocks are
at least older than what may be the oldest basaltic flows.
Because the entire sequence of Mount Taylor probably
formed during an eruptive cycle, a relatively short
period of time, the diabasic intrusions probably took
place before the Mount Taylor cycle, as well as before
the basaltic extrusions. Conclusions are that the deposits
are older than any of the intrusive igneous rocks within
the Laguna and Ambrosia Lake districts and that their
emplacement could not have been influenced by them.

PENECONCORDANT DEPOSITS IN SHALE AND COAL
Deposits in shale and coal are quite similar in mineral-

ogy and form to those in sandstone and, in some in-
stances, where they occur in nearly equal proportions
in both rock types, are classified rather arbitrarily. The
host rocks, however, are different, so the deposits are
separated for descriptive purposes. The deposits occur
in shale and coal of Permian, Cretaceous, and Tertiary
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Rapaport. Hadfield, Snci Olson (1952) ff>
the intraformational folds and dated their -
as shortly after deposition of the Todilfr.
Gabelmun (1956b) described some of them in ui't-au aau
drew similar conclusions regarding the age of their
formation, and Hilpert and Moench (1960) described
their association and probable contemporaneity with
the larger pre-Dakota folds in the Ambrosia Lake and
Laguna districts.

The intraformational folds occur in a great variety
of shapes, ranging from open and closed anticlines to
recumbent folds, chevron folds, and fan folds. They
are mostly anticlinal and asymmetric, but some are
synclinal, open, and symmetrical. Most of the folds are
small, pronounced structural features that have ampli-
tudes generally less than their breadths. The largest
have a breadth of as much as 50 feet and an amplitude
of about 25 feet and involve the entire thickness of the
Todilto and basal part of the overlying Summerville
Formation. The smallest are measured in inches or
fractions of an inch and commonly bear a drag relation
to larger folds. In length the folds range from a few
feet to hundreds of feet. They mostly are somewhat
sinuous and elongate, but some are rather tortuous in
plan or are simply domal.

The folds generally tend to be concentrated or clus-
tered, and in both the Ambrosia Lake and Laguna dis-
tricts the fold axes in the clusters generally trend east-
ward or northward. Others show an almost random
arrangement.

All the folds are fractured or jointed and some are
faulted. The associated faults, however, are almost in-
variably intraformational and die out within the folds
or within the Todilto Limestone and basal part of the
Summerville Formation. Many faults are reverse type
and closely follow the axial plane of tight or recumbent
folds. All the related faults, however, show little dis-
placement, seldom more than a foot or so and generally
not more than a few inches.

Most joints are nearly vertical and comprise many
sets. The principal set is longitudinal to the folds and
probably formed with the folds or shortly after, similar
to the intraformational faults. Other subsidiary joints
make up an almost random pattern, although in some
deposits in the Ambrosia Lake district a minor set is
roughly normal to the fold axes. Many of the joints
probably formed during later periods of deformation.
The complexity of the fold and fracture patterns is MT-W*
illustrated by the structures in the Haystack, Gay< m

,. Virt?»v* n •»* i GKCl-k P n£lEagle, and Black Hawk deposits (Gabelman,
figs, 135-137).

In the Laguna district the intraformational folds are
localized along the flanks and troughs of broad east-

T NEW MEXICO

aorthward-trending pre-Dakota synclines,
linant trends of the axes of the intrafor-
ids are likewise eastward and northward

id63c, p. 159). (See fig. 9, this report.)
The Todilto Limestone in the Laguna district is also

somewhat thicker in the synclines than on the crests
of the adjoining folds. This fact suggests that the intra-
formational folds formed by flowage down the limbs
of the pre-Dakota folds. This flowage apparently oc-
curred under cover in post-Todilto time because the
intraformational folds are not truncated by bedding
planes.

Similar relations are indicated in the Ambrosia Lake
district. Where data are available, particularly where
uranium deposits have been mined, the intraformational
folds also tend to trend eastward and northward and
to make up clusters with similar trends (Gabelman,
1956b, figs. 134-138; Hilpert and Moench, 1960, p. 460-
461. fig. 18). The pre-Dakota folds in the overlying
rocks likewise trend eastward; others might also trend
northward, as in the Laguna district, but more detailed
information is needed to determine this.

In the Chuska district small anticlinal intraforma-
tional folds occur along a 4-mile strip of outcrop west
of Sanostee in the upper part of the Todilto. The largest
folds have amplitudes of as much as 2 feet, a width of
3 feet, and a length of 15 feet. Where concentrated or
most highly developed they are subparallel, but show
no relation to Laramide structures (J. W. Blagbrough,
D. A. Thieme, B. J. Archer, Jr., and R. W. Lott, written
commun., 1959).

In the south part of the Chama Basin, similar intra-
formntional folds have been noted in the Todilto Lime-
stone at the outcrop south and east of Coyote. Some of
these folds have amplitudes of as much as several feet
and widths of as much as 25 or 30 feet, but their lengths
and trends are not known.

Structural features that formed principally during
the second period of deformation in the Ambrosia Lake
district consist of the Chaco slope or homocline, west
flank of the McCartys syncline, a set of fractures and
folds that range in trend from northeast to north, and
some domal and anticlinal structures. (See p. 61-62). In
the Laguna district they consist of the east limb of the
McCartys syncline, a north-trending faulted monocline,
and a set of faults and fractures that were intruded in
many places by diabasic dikes and sills. (See p. 72).

JjnmdHfte has been partly described by Rapaport, Had-
field, and Olson, (1952, p, 9-12), Laverty and Gross
(1956, p. 200), and Truesdell and Weeks (1960), and
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has been sunm>, ;. 33-35) and
by McLaughlin (1963, p. 140).

The deposits in the Todilto differ from the ones in
sandstone principally in their relative sparseness of
metallic sulfide minerals and in the occurrence of
fluorite.

Unoaddized minerals that have been identified are
piffisiai pwiiw^, fciggite, itesMta;

and gp&ttft. Barite, specular hema-
tite, vanadium clay, and recrystallized caloite are close-
ly associated with these minerals and probably are also
primary.

JBrlnlniR is jBppapbapdlit than foftftieS and occurs
as colloform coatings on grain boundaries, as veinlets
in limestone, and as replacements of the limestone
grains along bedding planes and along the walls of
veinlets. Coffinite at least locally coats uraninite and
fills shrinkage cracks in uraninite.

The formation of haggite, paramontroseite, and
vanadium clay generally preceded that of uraninite. The
haggite occurs as fine blades and fibers along grain
boundaries and solution channels in limestone, and
some as intergrowths with paramontroseite. The vana-
dium clay in some places forms irregular spherical
aggregates. ___

been J0OTIL in fts£f^^fK^s and
s ajeOOttillHpirof most of them. It generally is

purple and occurs as a fine-grained replacement of the
limestone along bedding surfaces, as veinlets, and
locally as irregular replacements of limestone that
form masses as much as 6 inches in diameter. The
fluorite generally is closely associated with and in places
is replaced by uraninite.

Pyrite, marcasite, and galena are the only sulfide
minerals identified in the deposits in the Todilto. Py-
rite occurs as an early mineral which is generally cor-
roded and replaced by later minerals but is most abun-
dant as a late mineral which fills solution cavities and
fractures and which replaces detrital grains. Marcasite
has been identified only as a late mineral. Galena
occurs as fine-grained cubes deposited with and after
uraninite and coffinite and as a replacement of early
pyrite and haggite.

Coarse-grained calcite occurs along bedding planes,
fractures, and solution cavities as a replacement of
limestone or as recrystallized limestone in and near
the uranimum deposits. The coarse-grained calcite is
both earlier and later than most other minerals.

Fine-grained hematite occurs in most of the deposits
and generally is associated with the uranif erous zones.
Specular hematite has been noted with vanadium clay.
Hematite also occurs as pseudomorphs after pyrite and

as stains along fractures and bed'. .
dized zones.

Barite occurs in most deposits as a resinous yellow
to clove-brown tabular mineral that lines solution
cavities and forms veinlets or irregular globelike re-
placements of coarse-grained calcite or local dissemina-
tions along the bedding.

Most of the deposits in the Todilto occur at or near
the surface and so have been subjected to oxidation
which has led to the rather widespread occurrence of
the conspicuous yellow and green secondary minerals
tyuyamunite, metatyuyamunite, uranophane, and prob-
ably sklodowskite. Less common secondary minerals are
carnotite, cuprosklodowskite, gummite, santafeite, lie-
bigite, and various oxides of manganese and iron. Also,
the dark-olive green fibrous vanadyl vanadate, grantsite,
was identified in the F-33 mine (Weeks and others,
1961) and probably occurs in other deposits in the

• ~^~ '-'
Early field-examination reports generally mentioned

carnotite as a constituent of most deposits and created
the impression that the mineral was one of the more
common ones. Most of the reported occurrences, how-
ever, were probably fg^jSffli$&j> which is more likely
to form in limestone in which calcium is in excess of
sodium. Tyuyamunite and carnotite are both

liffini^J^jjlT^iT^iij^JnJ^JflTt
k deposit* in the ,£edite# are
having an irregular form similar to the

forms of the deposits in sandstone. Most of them occur
along the flanks of the folds and some along the fold
axes roughly parallel to the bedding, but locally the
deposits cut across the bedding. Many of them are near
the base of the Todilto, but others are near the middle
or top, and a few occupy the entire liniootone interval.
Many are not confined to the limestone, but extend a
few inches and in some places several feet into the
underlying Entrada Sandstone, and in many deposits
as much as several feet into the overlying siltstone of
ths Summerville Formation. A few deposits are mostly,
or entirely, in the basal part of the Summerville or
top of the Entrada Sandstone. Although these deposits
have a relationship to bedding that is similar to that
of deposits in other sandstones, they are dissimilar in
their association with folds in the overlying or under-
lying Todilto Limestone.

JBiMe!S36n^o'f5tKe deposits in ffieTToaiHio rffige from
a |ew -ieeflft" w33th and length' to several hundred feet
in width and jnore than 1$00 -f eat-in length, and in
thickness from mere seems to as much as 20 feet. They
probably average a few tens of feet in width, a hun-
dred feet or so in length, and about 10 feet in thickness.
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The largest deposits occur where tiu
limestone are clustered and have a sic-1*
cause of the clustering, the deposits &s&
individual folds interconnect or merge into relatively

, snch as tha-Haystacjc (Gabelman, 1956b,
figs. 133, 135) and Flat Top 4-Vilatie Hyde deposits.
Others merge and interconnect to form stringlike
masses having a length many times their width, such
as the F-33 (Hilpert and Moench, 1960, fig. 18), the
Faith (McLaughlin, 1963, fig. 6), and the Section 25.
The dominant trends of these masses are eastward or
northward, similar to the trends of the intraforma-
tional folds, but many are heterogeneous,

Ore bodies generally constitute the central parts of
the deposits where the deposits are thicker and higher
in grade. Away from ore, the deposits feather out or
grade into barren host rock along rather irregular or
vaguely defined zones. Ore bodies range from masses
with dimensions of only a few feet that contain sev-
eral tons of ore to masses that are hundreds of feet
wide, more than 1,000 feet long, and several feet thick,
and contain as much as 100,000 tons of ore. Most ore
bodies, however, average about 25 feet in width, 100
feet in length, and 5-7 feet in thickness, and contain
about 1,000 tons of ore. McLaughlin's (1963, fig. 6)
map of the Faith deposit is a good example of the

aeral relations of ore to mineralized ground.
E rof-th^oW ranges *om 0.10 IT»O« to at leas*

TIGBAPHIC RELATIONS OF THE DEPOSITS
Uranium deposits in the Todilto Limestone show no

direct relation to the stratigraphy of the formation
but possibly are indirectly related to the gypsum-
anhydrite member and probably are indirectly related
to the original thickness of the limestone member.

From place to place the deposits occur at the base,
middle, top, or throughout the limestone member and,
in many places, extend into the top of the underlying
Entrada Sandstone or base of the overlying Summer-
ville Formation. 3Sb known deposits occur in the gyp-
sum-anhydrite member, but all the principal deposits
are near its outcrop. (See pi. 3.) This position of the
deposits in relation to the member probably stems
from chance exposure, but for some unknown physical
or chemical reason, the gypsum-anhydrite member
may have influenced the emplacement of the deposits
near its margin.

Near the principal deposits the limestone member
is about 15-25 feet thick (pi. 3). Elsewhere it is gen-
erally less than 15 feet thick. This occurrence of de-
posits near thicker limestone may also be a result of

(NEW MEXICO
-*•>

exposure—the Todilto Limestone has been
•j most only a few miles from the outcrop—
probably it expresses some relation of the

deposits to the original thickness of the limestone.
STBtTCTlTKAl, BELATIONS OF THE DEPOSITS

Primary uranium deposits in the Todilto were di-
rectly controlled by structures that resulted from the
first period of deformation (Late Jurassic to Early
Cretaceous), but show few effects, except secondary
ones, from later deformation.

The deposits are closely related to intrafonnational
folds in the limestone and these folds are related to
broader open folds in the Jurassic rocks, which are
dated as post-Todilto and pre-Dakota. The deposits
are postsyngenetic because they cross the limestone
bedding (fig. 19), and are postintraformational fold-
ing because they transect the intraformational folds
(Gabelman, 1956b, fig. 136, cross section L-K) and at
least locally transect the broader pre-Dakot* folds
(Hilpert and Moench, 1960, p. 458, fig. 16; Moench,
1963c, p. 163-164).

The original thickness of the limestone (see above)
probably had a direct bearing on the localization and de-
velopment of the intrafonnational folds. Confinement
of the folds largely within the limestone indicates its
relative incompetence; it should follow that where the
limestone is thickest it would have a tendency to ab-
sorb a greater percentage of the stresses exerted on
the rock column. Thus, the degree of deformation ex-
pressed by the folds would most likely be a, direct re-
sult of the original thickness of the limestone member.
The deposits are directly related to the folds and gen-
erally to their degree or intensity of development:
thus they are indirectly related to the original thick-
ness of the limestone.

No convincing evidence supports the possibility that
localization of the primary deposits was influenced by
the second (Late Cretaceous to middle Tertiary) or
third (middle Tertiary to late Tertiary or Quater-
nary) periods of deformation. Present information
indicates that the oldest structural features resulting
from these periods of deformation are the faults and
folds that formed contemporaneously with the devel-
opment of the McCartys syncline. As indicated above,
the syncline and the associated smaller features prob-
ably formed during development of the Zuni and
Lucero uplifts and the Acoma sag, and probably
prior to the northward tilting of the San Juan Basin
(pre-San Jose, or pre-early Eocene tune).
jfeteJSj&g!AsateRgfevLftfcedMHc%'l!epc«ifs^6*'not oc"-

(gipy"* -fault zori8P*exce|»fr£'sfor- tib» intrafonnational
|aultsEwithin-^heT«Jilf»tEalhestSn* Where faults
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5934'

5932-

59301
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5924'
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Limestone breccia
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Laminated

U most one
Maah*. (hick-bedded Dojhed

wAert bedding indistinct

Coarse calcite

Isorad line
Showing radioocftvAx. in milliroenlgens

per hour, Hochures point in direction
of higher rodioocfrvAx •

FIQTJBE 19.—Geologic section across uranium deposit in Todilto Limestone, showing displacement by diabase
intrusive, Sandy mine area. Geology by Frank Hensley.

intersect deposits, the deposits are displaced and
therefore must be older.

Gabelman (1956b, p. 391-392, fig. 132), however,
implied that the deposits may be younger than the
faults and folds by noting that the deposits occur
within the area of strongest faulting and along the
axes of northeastward-trending folds, both of which
are on the flank of the Zuni uplift and within the
sharpest bend of the strike of the Thoreau homocline
(meaning the bend of the Chaco slope L Dutheastward
around the Zuni uplift and southward along the west
flank of the McCartys syncline).

Gabelman's northeastward-trending folds probably
are related to the subparallel faults (see p. 61), and
both probably are the same age. Because the faults
displace the deposits, both the folds and the faults must
be younger than the deposits and could not have influ-^
enced their emplacement

The oldest recognizable structural features that are
certainly younger than the deposits are the fractures
in the Laguna district that formed contemporaneously
with the Rio Grande trough during the third period of
deformation. These fractures are intruded by diabasic
dikes and sills which, in turn, are broken by the same
set of fractures, a relation that indicates their contem-
poraneity. The deposits show no relation to the frac-
tures, and the diabasic intrusives displace and metamor-
phose the uranium deposits (Moench, 1962; 1963c, p.

161) (fig. 19). These facts demonstrate that the deposits
a,re clearly older than the fractures and the intrusivee.

Field relations indicate the fractures and intrusivee
probably formed mostly in middle to late Tertiary time,
and probably prior to the Mount Taylor eruptions.
Inclusions of the diabase were found in a volcanic pipe
that probably supplied one of the earliest basaltic flows
(Hilpert and Moench, 1960, p. 444). The fact that these
flows were extruded during the latest stages of the
Mount Taylor eruptions indicates the diabasic rocks are
at least older than what may be the oldest basaltic flows.
Because the entire sequence of Mount Taylor probably
formed during an eruptive cycle, a relatively short
period of time, the diabasic intrusions probably took
place before the Mount Taylor cycle, as well as before
the basaltic extrusions. Conclusions are that the deposits
are older than any of the intrusive igneous rocks
the Laguna and Ambrosia Lake districts and that their
emplacement could not have been influenced by them. I

JNECONCORDANT DEPOSITS IN SHALE AND C*Kl!/
Deposits in shale and coal are quite similar in mineral-

ogy and form to those in sandstone and, in some in-
stances, where they occur in nearly equal proportions
in both rock types, are classified rather arbitrarily. The
host rocks, however, are different, so the deposits are
separated for descriptive purposes. TJhe deposits occur
in shale and coal of Permian, Cretaceous, and Tertiary



DISTRIBUTION OF ELEMENTS IN THE ORES H3

BUB «.—Scmiquantitalive ipectrographic, radiometric, and chemical analyses of mill pulp samples of uranium ores from limestone,
northwestern New Mexico

wriai within brackets is descriptive, not part of mine name. Italic numbers are mine numbers shown on plate 1. Spectrograpbic determinations are semiquantitative and
wen made by the rapid visual comparison method. Comparisons of similar data with those obtained by quantitative methods show that the assigned semiquantitative
class interval iaetude* the quantitative value in about 00 percent of the determinations.Figures are reoorted to the nearest number in the series >10, 7.3,1.5. 0.7, 0.3.
0.16. and are coded as follows: >10-r, 7-2, 3-ST 1.6-4,0.7-«, (W«*8. 0.ia«^fl.W«-1T,'%Of-i*(R«S-K>, 0.007*11, 0.003-12, 0,0015-»«, 0.0007-H^OWI-^FIfures
reported a* less than «) are coded: <1.0-a, <ft.06-b, <0.02-c,50.005-d, <0.002-e, <0.001-f, <0.0005-g, <0.0002-h, <0.00005-i. 0, looked for but not found; <,

e; leaders (....), not looked for; number enclosed in parentheses is near threshold of detect-
ability; ND, no data

(Spectrographlc analyses are in percent, coded; other analyses are in percent or parts per million, as indicated, and are not coded]

Sample ' Name of mine or pra
Spectrographic *

Ag Al As Au B Ba Be Bi Ca Cd C» Co Cr Cs Cu Dy Er

Ore In the Todilto UnMsteiw

124................... Barbara J 1 (1)... .........
125................... Billy The Kid (S). ....... .
Oft... ................ Black Hawk a)- — — ...
127..... _ ........... Bunney (4). ........... ...
m... ................ Cedar 1 (S)... ........... ..
I28................... Christmas Day (S)........
228................... Crackpot (7). ............ .
O»... ................ Flat fop 4 (/*).. .........
130................... Gay Eagle (IS)... .........
MX . Hanosh (Section M) (IS)..
JIMNMHMn 1 1 In In III* • VS-A CnanOfil /P)

l»................... Red Bluff 3 (f4). .........
134................... Red Bluff 5 (I*)..........
135................... Rod Staff 7 CM)..........
43«.. ................. Red Bluff 8 (/5).. ........
m... ................ Red Bluff 10 (/»)...... ...
137................... Red Point Lode (<«)......
JM........ ........... Reed Henderaon.. ........
OK... ................ Rlmrock (J»). ...... ......
M... ................ Section 18 («).. ..........
440................... Section 18 (W). ........ ...
»5.. ...... ........... Section 19 (Af). ...........
441................... Section 21 (37). ...........
442................... Section 24 (Sff)... ..........

............ 0 3 0 0 0 9 0 0 1 0 b l 4 1 3 1 2 0

............ 0 4 0 0 0 9 0 0 1 0 b l 5 1 4 .... . 12 0

............ 0 4 0 0 0 9 0 0 1 0 b 14 14 .. . 12 0

............ 0 4 0 0 0 9 0 0 1 0 b 14 14 .... , 12 0

............ i 5 0 0 b 9 0 0 1 0 b (15) 1 2 N D 1 3 0

............ 0 6 0 0 0 9 0 0 1 0 b l 4 1 4 ...... 13 0

............ 0 4 0 0 0 10 0 0 1 0 .... 0 13 12 0

............ 0 3 0 0 0 9 0 0 1 0 b l 5 1 3 . . 13 0

............ 0 4 0 0 0 9 0 0 1 0 b l 5 1 4 . . 1 3 0

............ i 4 0 0 b 9 0 0 1 0 b (15) 13 ND ^ 13 0

......,.„„„ ̂ ..0 9* 00 :0 ^8 , 0., -0: -J- ; 0 •... b , W. ••tt'Jbl^MAtsMHl
............ 0 4 0 0 0 8 0 0 1 0 b 14 14 ...... 12 0
............ 0 6 0 0 0 9 0 0 1 0 b 14 15 . . 13 0 0
............ 0 4 0 0 0 8 0 0 1 0 b l 4 1 4 ...... 13 0 0
............ 0 4 0 0 0 9 0 0 1 0 b 15 14 ...... 12 0 0
............ 0 3 0 0 0 8 0 0 1 0 b l 4 1 3 ...... 12 0 0
............ i 4 0 O b 9 0 0 1 0 b (16) 1 4 N D 1 3 0 0
............ 0 5 0 0 0 8 0 0 1 0 b 15 14 ...... 13 0 0
............ 0 5 0 0 0 9 0 0 1 0 ...... 0 13 .... . 13 0 0
............ 0 5 0 0 0 9 0 0 1 O b 1 5 1 4 . . 1 2 0 0
............ Tr. 3 0 0 0 7 0 0 1 0 b 14 13 ...... 12 0 0
............ 0 3 0 0 0 8 0 0 1 0 b l 6 1 3 ...... 12 0 0
............ i 5 0 0 b 11 001 12 bg 15 ND 13 0 0
............ 0 2 0 0 0 900 0 b 16 14 .... 12 0 0
............ 0 3 0 0 0 8 0 0 O b 1 5 1 4 1 2 0 0

1 4 0 0 b 10 0 0 n h cm ir> wn i« A A
4«... ................ Manol (Section 3 0 , T-«) («)...--.-..- 0 4 0 0 0 9 0 0 O b 1 5 1 3 ...... 1 2 0 0
444. .............. Hanoi (Section 3 0 , T-19) ( J I)-....-.... 0 3 0 0 0 9 0 0 O b 1 4 1 3 w n n
994................... T2(4S). ..................
445. .................. Tom ElkinsUS). .........
i44»...... ............. UDC 6 Cf«. ..............

............ i 5 0 0 b 10 0 6 (12) b g 14 ND 13 0 0

............ 0 2 0 0 0 7 0 0 O b 1 5 1 4 1 2 0 0

............ 0 4 0 0 0 9 0 0 O b 1 4 14.. . 1 2 ® G

Ore 1* the Tedffle Line**** art Esrfiada Saadstesn

22f... ................ Sandy (7f). ........................... 0 3 0 0 Tr. 9 0 0 1 0 0 13 12 ...... 12 0 0
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IBOTION OF ELEMENTS IN THE OBIS

MM 8. 'iamttrie, and chemical analyitt of mill pulp tamplet of ur...
nortkwettern New Mexico

Material within brackets is descriptive, not part of mine name. Italic nnmben are mine numbers shown on piate 1. Spectrofraphie determinations are senJquantitativt and
were made by the rapid visual comparison method. Comparisons of similar data with those obtained by quantitative methods show that the assigned semiquantltative
claas Interval include* the quantitative value in about M percent of the'determinations. Figures are retracted to toe nearest number in the series >10, 7, >, 1J, 0.7,04,
0.15, and are coded as follows: >10-1, 7-2.1-3, ! 5-4, 0.7-5, OJ-6. 0.15-7. 0.07-3, 0.03-9, 0.015-10, 0.007-11, 0.003-12, 0.0315-11, 0.0007-14, 0.0003-U. Fkures
reported as less than {<) are coded: <1.0-», <fO,Ot-b, <0.02-c, <O.OOS-d, <0.002-e, <0.001-f, <0.0005-g. <O.OOQ2-b, <0.00005-1. 0, iboked for but not found: <,
lex than amount shown, standard detectabilitT does not apply; Tr., trace; leaders { .- . -) , not looked for; number enclosed in parentheses is near threshold of detoct-
abillty; ND, no data

[Speetrograpble analyses are in percent, coded: other analyses are in percent or parts per million, as indicated, and are not coded]

Ag AI As Au B Ba
gpectrographlc '

Be Bi Ca Cd c» Co Cr Cs Cu Dy Er

On 1« the TwlOto Umeateae

J434... ........
258428............
258438............
25M27.. ..........

*2B., ...........
1238.............

~J429.. ...........
258410.............

F**^ajpl̂ *&^*" r̂_ _. 1 -*1

nSz
MM... ..........
MK............

aWtS,,...,.,...,,
268416.............
229381.............

M17...... .......mi... ..........
5418.............

.5419.............
2S6440... ..........
22939S.............
8SS441.,.. .........

S442....... ......
M82._... ........
5441.............

229194,. ...........
25844S... ..........

246229.............

245227.. ...........

....... Barbara J 1(1)... ...... ......

....... Billy The Kid (J). ...........

....... Black Hawk «)..............

. — — Bunney (4). ... ..... .... .....

....... Cedar 1 (*).... ...............

. __ Christmas Day (f), ... .......

....... Flat Top4(/«. .............

....... Oay Eagle OS) __ ...... _ ..

....... Bsnosh (Section 28) (If).....
"T^iYS'jHMVStaCjC'fc^lTfc — j~~ — "*'"'

f^Mft i^f*ftIlSi(fB)
.. __ . Bed Btufl 1(10... ....... ..
....... RedBluS5(B)...- __ - _
....... Red Blufl7(*S). ............
... __ Red Bluff 8 (/»).. ...........
....... Red Bluff 10 (IS). .. .........
....... Red Point Lode (tS).. .......
....... Btairock OS). ..........— -.
....... Section 18 (SI).. ........ —
....... Section 18 (M) _ ...... __ .-
....... Section 19 (Sfi... ............
....... Section 21 (37)............-..
...... Section 24 (ft)... ....... ......
.. ... .. lianol (Section 30) (»)......
...... Manol (Section 30, T-fc) i*f)..
...... Manol (Section SO, T-19) («*).
....... tt(tt). ................ . .
....... Tom Elkins OS).. ...........
....... TJDC 5 (V).. ................

... ... Sandy (7*0... _ .. ..........

.......... 0 3

.......... 0 4
0 4
0 4

.......... i 5

.......... 0 5

.......... 0 4

.......... 0 3
......... 0 4
.......... i 4— —- . ™^™.|̂  „,,._.,. j|<g
.......... 0 4
..... .. 0 5

.. _ 0 4
... __ ... 0 4
.......... 0 3

i 4
......... 0 5
..... . 0 5

. _ _ _ . 0 5
—,,-... Tr. 3
-.-..... 0 3
... _ .... i 5
__ ..... 0 2
... ____ 0 3
......... I 4
......... 0 4
.......... 0 3

i 5
0 2

......... 0 4

On hi ike T*dOte L

......... 0 3

Ore In Iks

0 4

0n
0
0
0
0oo
0
0

0
0
0n
0
0
0
0
0
0n
0
0
0
0
0u
0
0

ime*

0

Saa

0

0
0
0
0
0
0
0
0
0
0

j"7^T" ft~"l~ f
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

MM aad

0

Awlnc

0

0
0
0
0
b
0
0
0
0
b- o
0
0
0
0
0
b
0
0
0
0
0
b
0
0
b
0
0
b
0
0

Eatndt

Tr.

Lltneatev

Tr.

9
9
9
9
9
9

10
9
9
9

£'8 "g
9
Si
9
g
9
g
9
9
7
g

11
9
g

10
9
9

10
7
9

Sax

9

s

II

0
0
0
0
0
0
0
0
0
0
f £u

0
0
0n
0
00
0
0n
0
0
0
0
0
0
0
0
0

MM*

0

n

0
0
0
0
0
0
0
0
0
0

fXSf.
rr.ftrt

0
0
0
0
0
0ft
0
0
0
A
0
0
0
0
0II
0
0

0

0

1111I111I

11111111t11111
1111

1

1

0
0
0
0
0
0
0 .
0
0
05r*^*ift"*ji
0
0
0
0
0
0
0
0 .
0
0
0

12
0
0
0
0
0

(12)
0
0

0

0

b
b
b
b
b
b
b
b
bit*;b
b
b
b
h
b
b
b
b
h
b
b
b
b
b
b
b
b
b

0

0

u
15
14
14

14
0

15

(IS)fcalSf
14
14
U
IS
14

(IS)
IS
0

15
14
IS
g

IS
IS

(15)
IS
Uif
14

11

13

11 ......
14 ......
14 ......
14 ......
12 ND
14 ......U
13 ......
14
13 ND•&r,3t̂
15 ......
14 ......
14 ......
13 ......
14 ND
14 ......
13 ......
14 ......
13 ......
13 ......
15 ND
14 ......
14 ... _
12 ND
IS
IS ... _
14 ND
14 ......
14

12

12 ......

12
12
12
12
11
11
12
11
11

£11
'P
11
11
12
12
13
11
U
12
12
12
11
12
12
11
12
12
11
12
12

12

12

0
0
0
0
0
0
0
0
06

*>&«*«
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0

0
0
0
0
0
0n
0

BUG
0
0
0
0n
0
0
0
0
0
0
A
0
0
0
0
0
0
0
0

0

n

On In ike Madera Umeatoiw

254110.. ...........
264108.............

... ... Agua Torres 0).... —————

...... Marie (*)...............——
_ __ . 0 3
......... 14 3

0
5

0
0

12
12

7
g

0
0

0
0

3
2

0
0

0
0

14
12

12 ......
11

11
9

0
0

0
0

See footnote* at end ot table.
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6. — Semiyuanlitatioe tpe&rographic,

|NEW MEXICO

.3* o/ irtiK pulp tamplet of uranium ore* from'(vnlestone,
Continued

Sample > Name of mine or prospect
Bpectrocnpnio «— Continued

Sn F Fe Qa CM Qe HI Hg Ho In Ir EL* LI La M» Un

On IB UM TodlK. UBmtoM

2S64J4..........
286426..........
256426..........
266427.... _ ...
729390
286428..........
248228..........
288429.. .......
286430.........

286133...... ...
266434.........
266438.........
286436.........
229391.........
286437 ........
246891.........
266438.........
286439.........
286440.........
229396
266441.........
286442.........
229392.........
266443 _ ......
286444.........
229394........
286448........
286446........

248229

......... Barbara Jl (/).................

......... Bffly The KM (JK.... .........

......... BNckHawk «>.—.—— ......

......... Bnnney «).......—.... .......

......... Cedar l<f) .... .................

......... Slat Top 4 (/«..............._.

......... Gay Eagle (/»)-.....-.. ........

* ' T vA ; vnwiw / /*) *
......... Red BlnffS <f(\. ....... .......
.......... Red BloflS C*)~— .-—.—.
.. ___ .. Red Bluff 7 (*$......... .......
.......... Red Btaff8(M)...... .........
.......... Red Bluff 10 WD..... ........
... ___ Red Point Lode (W). ..........
.......... Rlmrock 0W. ................
.......... Section 18 («*).................
.......... Section 18 («)— ..............
..... — .. Section 19 (SO ..... ...........
....... ... Section 21 (ST).. ... ...........
.......... Section 24 («)——————-
.......... Hanoi (Section 30) Of). .......
.......... Hanoi (Section 30, T-8) («)...
.......... Hanoi (Section 30, T-W) («*).

.......... TJDC 8 (W— — — — — — -

....... 0 .......

.. __ 0 .......

....... 0 __ ...
0

....... ND ND
0 .......
0 .......

....... ND ND
____ 0 _ ....
....... 0 .......
— .... 0 .......
....... 0 .......
....... ND ND
....... 0 .......
___ 0 .. _ ..

0 .......

....... ND ND
... __ 0 . — ...
........ 0 .......
... __ ND ND

0 .......

...—.. ND ND
0 ......
0

Ore IB the TodDto

G 0
6 0
5 0
6 0
6 h
6 0
6 0
6 0
6 0

7-TS .̂ ^EaSI!
6 0
6 0
6 0
6 0
6 0
6 h
6 0
7 0
6 0
6 0
5 0
7 h
6 0
6 0
6 h
6 0
6 0
6 h
6 0
6 0

UmMtone and

6 Tr.

0
0
0
0
0
0
0
0
0

Jkfifc
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Kntaada

0

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0**$*"*> :df!tti-?

uK&.-.i«aft£&j
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0o a
0 0

SBndrtoBC

0 0

0 0
0 0
0 0
0 0
0 ND
0 0
0 0
0 0
0 ND
3ffiE«i
0 0
0 0
0 0
0 0
0 0
0 ND
0 0
0 ......o o
0 0
0 0
0 ND
0 0
0 0
0 ND
0 0
0 0
0 ND
0 , 0
0 0

0.. ....

0
0
0
0
0
0
0
0
0

SEE
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0
0

dhl
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

4
0
0
6
a
0
4
6

A*
6
0
0
0
6
a
0
4
0
4

1

4
a
0
0

3

0
0
0
0
0
0
0
0
0

eSbfli
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0 0
0 0
0 0
0 0
0 ND
0 0
0 ......
0 0
0 0

0 0
0 0
0 0
0 0
0 0
0 ND
0 0
0 ......
0 0
0 0
0 0
0 ND
0 0
0 0
0 ND
0 0
0 0
0 ND
0 0
0 0

&dLr
7
7

0 ...... 8 S

Ore IB tke Su Axlrea UmeitoM

248227 6 0 0 0 0 0 __ . 0 0 4 0 0 ...... 2

Ore IB (he Mmdera UBMHMM

264110.......
25410»...t ... .-..——.. Marie (*).......,.. __ .....

_ __ 0 .....
... _ . 0 .....

4 Tr.
2 14

0
0

0 0
0 0

0 0
0 0

0
0

0
0

4
3

0
0

0 0 1 8
0 0 « t

See footnotes at end of table.
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JISTBIBUTION OF ELEMENTS EN THE" (

, radiametne, and chemical analyte* of mill pulp tamplti o>
northwestern New Mexico — Continued

286424..
2S6428.

• 6436.
8437
9890.

«642«..
242228
256429•««4ao.
flfr«RT!

25C43S..
2564*4..
256435..
" 4496
9361..
>643?

-̂ 8891..
258438..
25643B..
'S6440.,

29395..
56441..
56443..^29392

256443..
256444..
-79394..

56445..
56446

45229

45237

"54110..
54106

................. Birb«r»Jl (».................

................. Bffly The Kid (f). ............

................. Stack H»wk («.....— — ....

.... ———— ..... Bunney (4). .......... ........

..... ————— .. C«d*rl (f).... ................

............... .. Chriatmss D«y (t). ...........

.. — ............ Crackpot (7}— .-.....—-....,..—..„_.... m»tTop4 a*)—.—.— -— -

.............. . OayEsgie (/S)..,.... .........
——— ... — ..... Hmnoeh (Section*) (IS)......

i«ftin {^haiww (/0)
........... .. . BedBInffS«4)— -.—.——
...... __ __ Red Blufl 5 CM)—......,..—
............ __ Red Blufl 7 («),.,. ...........
................. Red BlaflS («)...............
............. _ Red Blufl 10 (If)..... .........
........ ......... Red Point Lode (f8). .........
... ——————— Reed Henderson. ....... —— ..
.. .... ...... ., Rimrock(») . .....
..... __ ....... Section 18 (5*5—- .............
......... __ . _ Section 18 (SS)......... ........
........... ——— Section 19 («)— ..... ..........
............ __ Section 21 {-sn. ................
..... __ ....... Section 24 (Sf).... ...... .......
........ __ . __ Manol (Section 30) (It)........
.......... ....... Manol (Section 30, T-8) («)....
.......... ____ Manol (Section 30, T-19) (»»),.
........„- __ . T 2 (ff). .......................
................. Tom Elktas (V^. ..............
................. UDC 5 «*>.„.....„.-—..-,.

. ——————— ... S&ndy (Tff). ............. .... ...

..... ... . ........ Lccky Don (I).................

.... ——— „. __ Apia Torres (I). _ ... ————

........—...... Marie (f)..............—.—.

lla N« Nb Nd Ni C

Or* t« tb* T*dDto LtmeriMM

....... IS 5 0 0 IS
........ 0 « 0 8 14
........ 14 « 0 0 14
....... 14 « 0 0 14
........ 14 6 0 8 14
....... 14 5 0 0 14
....... 0 » 0 8 14
........ 0 • 8 8 14
....... 14 C 8 0 15
....... 12 « 8 0 H._

^g a 8 9 14
IS 6 0 0 14

....... 12 6 0 0 1*

....... 8 « 0 0 14

....... 14 6 8 8 IS

....... IS 6 8 8 14

....... 0 6 0 0 15

....... 0 6 0 0 14

....... 0 « 0 0 14
____ 0 « 0 0 14
....... 0 5 0 0 14
. ___ . ( 7 0 0 16
....... 0 6 0 0 15

0 6 0 8 15
....... I 8 0 0 14
....... 0 6 0 0 IS
....... 14 « 0 0 IS
...... . I 7 0 0 14

0 6 0 0 14
....... 13 6 0 a 14

On U tke Todlfta Umatone and Eatnd*

13 4 0 0 14

On to the Su Awfre* LinmtMi

... _ is s 8 a u

Ore im the Madcn UnertMe

....... 12 78 8 13
10 C 8 8 12

Spi
to

8
0
0
0
0
0
8
8
0

0̂
0
0
0
0
8
0
0
0
0
0
0
0
0
0
0
0
0
0
0

s»

0

B

8

0
0

Kirocn
p

8
0
0
8
0
0aa
8

»-HT-
Q
0
0
0
0e
0
0
0a
0
0
0
8
0
0
0
0
0
0

diloae

0

0

8
0

tphic
Pb

U
12
11
12
11
11
12
11
11ia^ii>
ii11u11n
12
14
ISn
12ais1111u
18
IS
1211

12

11

12
5

«— Cootbra

Pd Pr

o aa aa aa aa NDa a
0 ......a ea a

kJab^fc.
0 8
0 0o ao ae o
0 ND
0 0
0 ......
0 0
0 0a o
0 NDe e
0 8a NDo a
0 0
0 NDo ea o

8 . __

a .. ....

o ea a

•d
Ft Bb

8 _ ...a ......e . _ ..
ND

stSx^-,
8 ......a ......
e . .....
8 ......e ND
0 ......
0 ......
8 ... ...
0 ......e ......

ND

ND

ND
8 ......
0

8 ......

8 ......

0 ......
8

Be

a
0aaaa
0a
0

fta
0e
0
0a
0a
0aae
8
0
0
0ea

a

a

0e

Hh

0
0
0a
0
0
0
0
0

$&iaa
0aaaaae
0a
0
0a
0
0
0
0a
0

0

0

0a

RQ

a
0a
eea
0
0

73>&J
0aa
0
0a
0
0
0
0
0
0a
0
0a
0
0
0
0

e

•

6a

8b

anaeae
0ea

a*a
A
0
0een
0
R
0
Aa
0aa
0
8
0
0
0

a

*

eu

30

aaa
0
a
9••

£isl:
0
g
a
9afea
0aai
0ef
0eia
0

a

*

u
14

See footnotes at end of table.
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DISTRIBUTION OF ELEMENTS IN THE ORES

pAt'c, radiomeiric, and chemical analyiet of mill pvlp tatnptss.
northwcttern New Mexico—Continued

Saznpi** Name of mine or prospect
Radio-
metric

Charted

»TJ« V,0,» 3' C«
(organic)

F» S*»

Percent Parti per mQUoB

On in the TodOto Umettoa

J66424
,556426......
256426.. ....
256427
•>29190.—— .
86428,...,.
145228, __ .
!56429......

^56430 .....
229391 .....

56«3 ""
56434......
56435..,,,.

256436..,.,.
229391—.,,
256437......
46891,..,..
56438 .....
56439.,,.,.

iS6440— ...
229395......
256441—.,.
"56442......
•29392......
56443......
56444--.-..

229394......
256445......
256446

............. Barbara Jl {/)., — .. _ ... _ ....-

.———„—— Billy The Kid (» ———— ...

..... —— .... Black Hawk (4)...... ___ ... __ ....

.............. Cedar !(«..... .................... .

... . — ... Christmas Day ($. _____ .. _ „ _

. —— . ——— ... Crackpot (T). ...... ...... .... .... .....

.... ... __ ... Flat Top 4(J*)....... __ ...... .....
.„..„.„... Gay Eagle (IS)............ __ „...

... —— ——— Hanosn (Section 26) (M) ———————

——.—.-,. RedBloffSOM),..—————— ......
.... _____ Bed Bluff 5 (tS)—. ------ _
.. _____ .. RedBluff 7(S6)— ,.— . _
..... ___ Red Blufl 8 <;«)._.__ _ „
. — .„.._. . Red Bluff 10 (IS).... .... . .... ....... _
..—.—— . Red Point Lode (IS).....— ..........
.. —————— Reed Henderson. — , —————————
. . . . . . . . . . . Section 18 (S») .......... ...... . . . . . .
...... .... Section 18 (38)— -----——-— — ,_.
. __ , .. Section 19 (34)..... ... ........ . ... ...
........ ..... Section 21 (37)——--. — - __ -..—
..... ̂ —.~ Section 24 (39).— .......... ... .....
... — „.—— Manol (Section 30) (It).....—..... ... ,
......... _ . Manol (Section 30, T-8) (It).... ...... .
....... ..... . Manol (Section 30, T-19) {«).......„.

T 2 Cf5)
———— . _ .. TomEliinsaS)... — . ——

UDC5KS) .

a 23
.09
.12
.08
.21
.16
.07
.19
.16
.31

". 17
.16
.13
.13
.17
.11
.03
-10
.15
.10
.14
.10
.19
.19
.17
.28
.12
.12
.14

a 23
.09
.12
.08
.24 „.,
.16
.10
.20
.18
.34 ....

.'l6

.16

.13

.14

.18

.11

.03

.11

.16

.10

.14 .....

.11

.18
.23 .....
.19
.31
.13 .....
.11
.14

0.09
.30
.08
.11

.13
.11
.13
.15

,'os
.05
.09
.14
.07
.12
.28
.33
.21

.30

.15

.11

.07

.19

.06

0.07
.01
.04
.01
.04
.11
.03
.01

.04

.03

.04

.03

.03

.06

.03.as

.01

.03

.03

.04

.04

.04

.04

0.028
.001
.015
.001
.024 .....
.001
.Oil .....
.003
.003
.031 .....

.015
.018
.003
.003
.017 ....„
.005
.015
.001
.003
.003
,004
.003
.003
.019 ... —
.007
.029
.004 ......
.003
.011

0.11
.08'
.07
.08

.10

.08

.06

.'os

.06

.07

.06

.06

.92

.06

.06

.07

.06

.06

.12

.10

.06
.06

16
21
11
60
IS
18
IS
20.„- «L
33
21
12
19
60
20
8
8
9
S

10
2
2

50
19
10
10
4

29

60
140
10

280
290
160
610
190

JfV»___

90
90

120
150
440
30
SOno
20
20

160
20
20

460
240
110
IM
20

170

S
S
2
5
4
1
1
4
S

4
1
2
1
5
1
.5
1
5
4
S
2
1
2
3
3
I
3
6

10
10
10
20
10
7

10
10
30

-Jo-
10
10
10
10
10
10
4

10
30
10
10
10
30
10
10
10
20
10
10

Ore i» the Todilto Uraeetone Umertone and Eolruia Sand*t**e

245229.______....... Sandy (lg). 0.10 0.13 0.08 0.024 15 16

Ore IB tie Sa* Andrc* Lineal***

246227 Lacky Don a 17 0.22 a 43 0.06 0.011 41 240

Ore in the Madtrm Limestone

254110. .,.,...„
264109....... _ _____ Marie («)..—..—— ___ ...

.... __ ._ 0.08

... ..... .17
0.08
.17

0.11
.06

0.46 ..—..———_
3.27 . _ . _ —

172 ...
. ... 6,200 890

50
75

17
2,100

J Sp*ctrographic analyses, chemical analyses for > t, Se, U, and Zn, and radiometrtc
inalyses tor U for samples 229390-229395 inclusive icqnested by A. T. Miesch.

> Analysis of sample 246891 by N". U. Conklin; all others by R. O. Havens.1 Analysts: C. Q. Angelo, R. P. Cm, O. S. Erickson, Mary Finch, W. D. Ooss,
H. H. Lipp, T. Miller, and J. S. Wahloerg.

« Analysts: C. O. Angelo, R. P. Cor, E. J. Fennelly, D. L. Ferguson, Mary Finch,
iV. D. Ooss, H. H. Lipp, T. Miller and J. S. Wahlberg. Fluorimetric method.

' Analysts: W. D. Gloss, H. H. Lipp, and I. S. Wahlberg. Volumetric method,
» Analysts: O.T. Burrow, D. L. Ferguson, and E. C.Mauory. Gravimetric method.

* Analysts: D. L. Ferguses and I». F. Rader, Jr. Volumetric method.
' Analysts: Wayne Moantjoy ant. J. P. Sehuch. Rapid scannizw, COj method.
' Analysts: R. R. Beins, H. E. Crowe, E. J. Fennelly, Claude Huflman, J. P,

Sehuch, and J. E. Wilson. Colorimetric method.
» Analysts: R. P. Cox, W. D. Ooss, and L. F. Rader, Jr. Colorimetric method.
" Analysts: C. O. Angelo, O. T. Burrow, R. P. Cox, Mary Finch, W. D. Goss,

H.H.Llpp.T. Miller, and J.S.Wahlberf. Colorimetric method.
» Analysts: R. R. Betas, O. T. Burrow, and H. S. Crowe. Colorimttrks method



120 iTHWES' NEW MEXICO

TABLT 8.—Ranges of the geome «"» 12 tampte groups ~<t$ftKe uranium ore*, northicettem

[All analyses at« upecuosi-apuic. Numberii in parenthese* are sample* below limit of detection]

Ore aample croupe
(By formation, type of

Sort rock [ ],and
distinctive etructure*)

Eapumn Volcanka of
Steama(l»43) [ • ]*

Popotoaa Formation [ O •
Baca Formation [ o
Dakota Sandatone [ 9
Dakota Sandatone

(ahale) [ •
Morriaon Formation E •
Uorriaoa Formation

(Woodrow depoeit) [ • *
SMaWfajif'Tlbi [ A •
Todilto Limeatone and

Entrada Sandatone [ A • ]•
Cutler Formation t e ]
San Andrea Limeatone [ 7 ]•
ICadera Umeatone [ A ]•

Eapinaao Vokanicaof
Stearna (194S) [ • ]•

PopoUaa Formation [ O )•
Baca Formation [ O ]
Dakota Sandatone [ 0) ]
Dakota Sandatone

(•hale) [ . ]
Morriaon Formation [ • ]
Uorriaoa Formation

(Woodrow depart) [ • ]•
MHieiiBliMME t A ]•
TodQta Umeatone and

Entrada Sandatone [ A4) ]•
Qrtler flanaatiea [ a ]
Saa Aadree Limeatone [ V ]•
Uadera L&neatone [ A )•

Eiptnaao Volcanka of
Steams (1943) [ • ]'

Popotoaa Formation t O ]•
Baca Formation [ o ]
Dakota Sandatone [ 9 ]
Dakota Sandatone

(•kale) ( - 1
Morriaon Formation [ • I
Mormon Formation

(Woodrow depoait) [ • ]*
•SJSavliaUiaat [ A ]•
Todflto UaMtone and

Entrada Sandatone [ A • ]•
Cutler Formation ( 8 ]
San Andrea Limeatone [ w }•
Madera Limeatone [ A ]•

Eapinaao Volcanka of
Stearue (1*43) [ • ]•

Popotoaa Formation [ O )•
Baca Formation [ O ]
Dakota Sandetone [ 9 )
Dakota Seadatone

(ahale) [ «• ]
Morriaon Formation [ • ]
MorrieoQ Formation

^Woodrowdenoeit) [ • ]•••lafldittajiF t A i*
TodDu Limeatone and

Entrada Sandatone [ A* ]•
Cutler Formation [ e ]
San Andrea Limeatone [ 9 ]•
Madera Limeatone. t A ]•

•3-i

2
2 (1)
1
S (S)

1 (1)
18(18)

1
131(30)

1 (1)
3 (1)
1 (1)
2 (1)

2 (2)
Z2 (1)
II (1)
5 (1)

1
18 (6)

1 (1)
31(31)

•1 (1)
3

n (i)
2

2
2
1
5

1
18

1
31

1
3
1
2

2(2)
2
1
5 (5)

1
18 (S)

'1
31(31)

1 (1)
3
1 (1)
2 (2)

Percent
£

i|iiiil§8ss. s s. „ „ «,
1 1 1 1 1 1 1 1. 1 1 1 1 1 1 1 1 1

SILVER (Air)

|
-|

1
-O

-o
-o

1
•jf*f

-o
— 1

-o——— 1
BORON (B)

— O — O
———— 1
-o
— )-

1
—— h

— °-AtS^^SsS
1^-i i

BARIUM (Ba)

-|-
4-

1
•f-

1
-4

I
STJy^f^r

1
4-
4

BERYLLIUM (Be)

-O
1

1
— O

1
1

JBSEf.

— o
— | —

-o
1 l~l°l 1 1 1 1 1 1 1 ! ! 1 , 1

**•!
i\

2
2
1
5

1
18 (1)

1
31 (4)

I
3
1
2

2
2
1
S

1

1
31

1
3
1
2

2
2
1
5

1
18

1
31

I
3
1
2

»2
2
1
5 (5)

1
•18 (5)

n
31 (31)

n
3
1 (1)

>2

Percent
2 n r~ M

1 11 III 8 885 S 5= ̂  - ^
i 1 t i 1 1 1 1 1 1 1 t 1 1 1

COBALT <Co)

-^
4

1
+

1

M. 'im
i-hi— f-

CHROMIUM (Cr)

1
1

1
•4

1

I
jag|ag^

1
4-
1
4

COPPER (Cu)

1
4-

1
— | ———
|
•(-

— 1
a^B

1
———— 1 ——

1
-4-

GALLIUM (Ga)

1
1

1
-O

1
——— \-

1
aCK

1
• — \ ——

-O

i t i i i f i i i t i i i i i i t

•3-1
°'Ez a

I
2
1 (1)
5 (4)

1
18(U)

1 (1)
31(31)

1 (1)
3
1 (1)
2 (2)

2
2
1
5 (1)

1
18 (I)

1
31(1?)

1
3(1)
1
2

2
2
1 (1)
5 (4)

1 (1)
18(12)

1 U)
31(31)

1 (1)
3 (2)
I (1)
2(2)

«2
2 (2)
1 (1)
S (S)

1 (1)
18(17)

1 (1)
31(31)

1 (1)
•3 (1)
I (1)
2 (2)

Percent
£ m r«. 10

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

LANTHANUM (La)

1
1

-0
————— 1

1

-O
JK
-0

-t-
-o
-o

MOLYBDENUM (Mo)

—— 1 ——
1

1
—— J-

1
1

1JBfit-
1

—— 1 —
1

NIOBIUM (Nb)

1
4

-o
——— 1
-o— 1
-o
afS

— O
——— 1
-0
— o

NEODYMIUM (Nd)

4-
-o
-o
-o
-o___ i

-o
eML

-O
— r-
-O

. , 1 1 1 . , l~p, , , , , , ,

• One sample reported as trace, assumed to be 0.00006.
' One sample reported as 0.001.
• One sample reported aa trace, assumed to be 0.002.

< Simple reported u trace, assumed to be 0.0001.
* Both sample* reported aa trace and aaanmed to be 0.0002.
* Include* 2 aamptee reported u trace and aaaumed to be 0.0002.

T Sample reported aa trace, aaaumed to be 0.0002.
*Inc.odes 1 aample reported aa trace and aaaumed to be 0.0002.
* Inchidea 1 sample reported aa trace and aaaumed to be 0.01.



DISTBIBUTION OP ELEMENTS D*.,TgE, ORES 121

I*ABui. a. o; »*e geometric metm$ of 19 minor element t in 12 tample grovpi of the uranium oret, nortkvwttem New
lleafico — Continued

Ore .ample group*
i By formation, type of

hoat rock [ j.and
di*tinctive itructare*)

Eapinaao Volcanic, of
Steam* (194J) C • I*

Popotou Formation C o ] *
Baca Formation £ O ]
Dakota Sandetone [ O )
Dakota SandaUwe

(.hale) [ * ]
Morriaon Formation [ * 1
iforriaon Formation

(Woodrowdepceit) t • ]*
jfrjtttitfnifliirf [ A )*
Todilto Limeatone and

Entrad* Sandatone { A* ]*
Cutler Formation [ o ]
San Andrea Limectone { 7 J*
Madera Limeatone I A }*

Eapinaao Volcanic* of
Stearni (IM3> [ • !*

Popotoea Formation [ O J*
Baca Formation t O }
Dakota Sandatone f a j
Dakota Sandatone

(«hale» ( • ]
Morriaon Formation £ • ]
Morriaon Formation

(Woodrow depo.it! ( • I'
•uai^^jHgujIl^ft [ A ]*
Todilto ZJmeatoat and

Entrada, Sandatone [ *• ]*
CaUar Formatioo [ 9 3
San Andru Limeatone [ 7 ]*
Uadera Limeatone ! A *]*

Ecpinaao Volcanic* of
Steam. (»4J> I • ]'

Popotoaa Formation [ O ]•
Baca Formation [ O ]
Dakota Sandatone [ 9 ]
Dakota Sandatone

(ahal«> t • !
Morriaon Formation [ • ]
Morriaon Formation

(Woodrow depoait) t » )*mmmmt i * .•
Todilto LimMtooe and

Entrada Sandatone ( A* ]*
Cutler Formation [ a J
San Andre* U'meatone C f ]'
Madera Uraeatone [ A j*

Eaptnaao Volcanic* of
Steam* (1943) [ * J-

Popotoaa, Formation t O }'
S«ca Formation { O ]
Dakota Sandstone [ O ]
Dakota Sandaton*

(ahale) { * ]
Morriaon Formation E • 3
Morriaon Formation

(Woodrowdepo.it) [ • ]•
&*ti£l*MM^£ E A ]*
Todilto Limeatone and

Entrada Sandatone [ A* ]*
Cutler Formation C 9 3
San Andr*a Limeatone [ 7 ]*
Madera Limeatone [ A ]•

=14
2
2
1
5

I
18

1
31

1
3
1
2

2
2
1
& (2)

I
18

1
31

1
3
1
2

2
2
1
5 (3)

1
18(12)

1
31(31)

1 (!)
3
I (I)
2

2
2
1
3

1
IS

1
31

I
3
1
2

Percent
w>

o o o t i o o o o o o o o o o c t —
J 1 ! 1 f » 1 i 1 1 t ! 1 1 1 f

NICKEL iNt)

—— | ——

-(-
1

1

|
m$&

\
-j-

1
I

LEAD (Pb)

i
— 1 —

1
- — | —

1 ___

1
aSBiJai&af'

'
1

—— | ————

1
————— 1 —————

SCANDIUM (Sc)

-)-
-j-

1
——— t-

I

t

-O
T-

-O
1

STRONTIUM (Sri

-f-
—\ —

I
——— | ——

I

1met
i•t-i

i i i i 1 1 1 1 i i ! § § § i

If

2
2
1
5

I
18 (2)

I
031(26!

1
3
1 (1)
2

2
2 <1>
I (1)
5 (Si

1
17(1T)

I (1)
30(30)

1
3 (2)
I CD
2

2
2
I
i

I
18

1
31

1
3
1
2

Percent

- 3~"S

f i f ( i j i i t i i i i i i i
YTTRIUM (Y)

t
1

1
T-

1

1
45**$?

1
-|-

— o
1

YTTERBIUM (Yb)

1
——1

-O
-0

1
— O

-o
aM"Tf~' *"*i"ll

1
1
-O

1
ZIRCONIUM (Zr)

1
-f-
1

—— ( ——

1
H —

___ 1

1
-r-
1
-f

i ( i i i * i , i i i i i i i

EXPLANATION

trRange in content of tamples——>-4
Duhed where uncertain i

Geometric rotan of all sample* reported as
trace or more. Questioned where doubtful

Approximate limit of sensitivity where the
element in undetected in all samples

-o -o
Approximate limits of, sensitivities where

they vary between samples. Ail samples
undetected and below either or both
limits

! *

I O

O
9

' A
' A*

f V

( A

Ore sample creeps
Tertiary icneoos breccia.; in footvai!

of igneous dike
Tertiary sandstone; in hancine wall

of low-ancfe fault
Tertiary sandstone'
Cretaceous sandstone
Cretaceous shale

Jurassic sandstone {Woodrow deposit);
in near-vertical breccia pipe

Jurassic limestone
Jurassic limestone and sandstone
Permian sandstone
Permian 'imestone; in footwsH of

hirtusiitle fault
Pennsylvanian Hmestune.' in footwall

fault

0 Include* 2 «*mpl« reported as trace and aaasmed to be O.SOL



u. XICO

TABLE 9.—Range* of concentration • •
carbon, artentc, fluorine, »e

anium,
s of the itr

\im penloxide, tulfur, phosphate, organic
\ oret, northwettern Nev> Mexico

(Analyses are chemical except for some sainp't-- ... ..„.. „ -^e .10 uiemitsU aaalyaes are available or show an assay of <0.10 percent ViOi, spectro-
graphic analyses are used by conversion of V to ViO«.]

Ore sample croups
(By formation, type of

host rock ( ],and
distinctive structure*)

Bspinaao Votcanica of
SUaras (IS43) ( • ]*

Popotosa Formation [ O ]*
Baca Formation [ O ]
Dakota Sandstone [ 0) ]
Dakota Sandstone

<shelt) » ]

Uorriaoai Formation
(Woodrow deposit) • ]•

Todilto Limestone and
Entrada Sandstone A» ]•

Cutler Formation a ]
San Andres Limestone [ V ]*
Itadera Limestone [ A ]•

Espinaso Volcanics of
Steams (1941) [ • ]•

Popotosa Formation [ O ]*
Baca Formation [ o ]
DakoU Sandstone [ O ]
Dakota Sandstone

(shale) [ • ]
aforrison Formation [ • ]
Uorriaoa Formation

(Woodrow deposit) [ • ]*_HN|EBSXM_> j A ].
Todilto Limestone and

Entrada Sandstone [ _• ]•
Cvtler Formation [ O )
San Andrea Limestone [ V ]*
Madera Limestone [ _ ]'

Espinaao Voleanics of
Stearns C1M3) ( • ]*

Popotosa Formation [ O }*
Baca Formation [ O ]
DakoU Sandstone [ a ]
DakoU Sandstone

(shale) t • ]
•forriaoa Formation ( • ]
aforriaon Formation

(Woodrow deposit) ( • ]*niw&AiM* i A ]•
Todilto Limestone and

Entnda Sandstone [ A4) ]*
Cutler Formation [ o ]
San Andres Limestone [ V ]*
Ifadera Limestone [ £ J*

Espinaao Volcanics of
Steams (1943) [ • ]*

Popotosa Formation I O ]•
Baca Formation [ O ]
DakoU Sandstone C « ]
DakoU Sandstone

(shale) [ • J
Uorrison Formation [ • ]
atorrison Formation

(Woodrow deposit) [ • ]"
•MMKUMMst.* [ A ]•
Todilto Limestone and

Entrada Sandstone [ AS) ]*
Cutler Formation [ O ]
San Andrea Limestone [ V 3"
Madera Limestone [ A }'

H 8 «
o o

. . 1 , . ., 1

Percent

m o o o
o — *n o

, I . . . . 1 . . . 1 . . . . 1
URANIUK (U)

2
2
1
i

I
18

1
31

1
3
1
2

-f-
-r-

1

1

1

1

1

VANADIUM

2
2
1
5

1
18

1
31

1
3
1
2

PENTOXIDE (V,0s)

1
1

H ——————
1

apj,^,-.-.
I

—— 1 _______

i
SULFUR (S)

2
1
0
1

0
9

1
25

1
1
1
2

i
NodaU

1

No data

1Ii

————— i —————

H — — — —
1

———— 1 ———
ORGANIC CARBON (C)

0
1
0
1

0
1813)

0
24

0
0
0
0

NodaU

No data

No data

No data
MM1" " ———

No data
No data
No data
No data

1
1

. 1 . . . . 1 . , . ) , . , . !

j Percent

If 1 i 1 1
• o o o o

PHOSPHATE (P,Ot)

0 NodaU
0 NodaU
0 NodaU
0 NodaU

0 NodaU
0 NodaU

0 NodaU
1 1 0UB!"tWSYL5;"''* : ̂  '" fa : ** '•&$
i \
0 NodaU
1 1
0 NodaU

EXPLANATION

Dashed where uncertain

Geometric mean of all samples reported aa
trace or more, except where noted

Ore sample croups

[ • }* Tertiary igneous breccia; in football
of icneoas dike

[ O ] * Tertiary -andatooe; in hancinjr wall
of krw-aivt. fa-It

[ O ] Tertiary sandatoM
[ 9 ] Cretaceous sandstone
[ *. ] Cretaceous shale

• } Jurassic sandstone
[ • ]• Jurassic sandstone <Woodrow deposit) ;

in near- vertical breccia pipe
[ A ]" Jurassic limestone
[ A* ]* Jurassic limestone and sandstone
[ o ] Permian sandstone

7 ]* Permian limestone; in footwall of
hi|?h-anffle fault

[ A ]* Pennsjrlvanian limestone: in footwall
of ni(h-ancte fau'*

1 Number in parentbesea if lamples below limit of detection, each reported as
<(X3 and assumed to be 0,2 ppm.



IBtaBXEBNTS

ion and (Ae geometric meant of uranium,
-.iBt, a*d zinc m J2 tample group* of the uranium ores, norths.

123

ante

Or* aajapie aroupa
(By formation, type of

boat rock [ j.and
distinctive atruetare*)

Eaptnaao Voieanks of
SUama (IMS) [ • ]•

Popotoaa Formation C O ]•
Baca Formation ( o j
Dakota Sandeton* [ » 1
Dakota Sandatone

(ihala) t •» ]
Morriaon Formation C • ]
Vforriaon Formation

(Woodrowdepoait) [ • ]*
aWttQSkttaift [ •> ]'
Todilto Limeatooe and

Entrada Sandetone [ A* }*
Cutler Formation [ O }
Saa Andna Uraeatone [ V }*
Madera Limeetone [ A ]*

Bipinaao Voleanka of
Steama (IMS) ( • }*

Popotoaa Formation { O ]'
Bac* Formation [ O j
Dakota Sandato&e [ a ]
Dakota Sandetone

(ahate) [ » ]
Iforriaon Formation [ • J
iforriaon Formation

(Woodrowdepoait) C • ]•

Todilto Limeatone and
Entrada Saadatone [ •»• ]*

Cotlcr Formation [ • ]
San Aadra* Umotona [ » }"
Kadara Limaatone [ A }•

.

Eapinaao Voleaniea of
Steama (IS*!) { * i*

Popotoaa Formation C O ]*
Baca Formation [ o ]
Dakota Sandatone [ O }
Dakota Sandaton*

(.hale) [ •» J
Morriaon Formation E • J
*f orriaon Formation

(Woodrowdepoait) { • ]*

Todilto UraeatOfW and
Entrada Sandatone t A«> I*

Cutter Formation [ a ]
San Andrea Lime<tone [ ? i*
Mader* Limeatone C A J'

Swxma ![M3> [ • )•
Popotoaa Formation £ O )*
Baca Formation [ O 3
Dakota Sandatone t O I
Dakota Sandatone

lahalel C • }
Morruon Formation C • 1
Momton Formation

1 Woodrowdepoait! t • )•
— —— —*»»»» c-j. , ,.
•••••lacESaî ^w^ 1 . ^ 1
Todilta Limeatone and

Entrada Sandatone E «>• j*
Cutler Formation [ 8 j
San Andrea Limeatone t 7 ]*
Madera Limeatone t A J*

|1
Parta par million

4> O O O O O 9

"2 8 § § § |
! , , t , , , , I , . 1 . . t , 1 . , , ! . , , , ( , . I , , , , 1 , , . 1 . . , .

ARSENIC <A«>

2
2
I
i

I
18

1
31

I
3
t
2

1

a«f--- - '

I

1

FLUORINE (F!

1
I
0

'J

a
t-t

i
31

i
i
i
i

1
I

No data
1

No data——————— 1 ———

a^gp^sjjw.f I.T*-*-.-* *K

1 I

SELENIUM (Se)

"2
2
I
5

I
!8

I
31

1
<3
1
2

I ———— I ——————
i—————— i ————————

1——————————— i —————————

1

-4-
ZINC (Zn)

2
2
1
5

1
18

1
11

3
3
1
2

— i —— !
i

atwc? •• '

1
1

i , . i , , , , i , , . i . . . . i__ . . ._. — , — . > . , . .1 ———— . —— , — . i "• . . . i ——— . —— . — • I . . . .1
*On« Munplc reported ax <20, «s<umed to be 10 ppm.
1 Both tamptec reported us <"0,5, ssssm«d to be OJi ppmr
'One awmple reported u <0^, usuro«d to be S^ ppm.

329-381 O—69



TABL;
[0, looked for bat not found;

OF NORTgWES'I

i element* injhe i

MEXICO. .

vf, c^fset,{. aipf%
'shown. AnalytM are in percent, except

Ore sample groups {by iic. ..- Cr Cn Fe Mo
Kr

Ni Pb tr v,o. s Al
Parts per million

Graaftotcltml

MorrisoD Formation..... ___ ... _ ... .

0.00003
0
0

. 0
•COOOOi"
0

~. 00003

3
2.6
7
4.8

~9

0.0003 a 0015
.0005 .001
.0007 .003
.0008 .002

_.<WH .001 .
.0015 .003
.002 .004

a 003
.004
.003
.004

. .00».
.003
.09

1.5
.7
.7

.iV.
2.4

0.0007
.0015
.0015

. .005
J" .0009

<.0014

0.0015
.001
.0015
.0015

_ ,0007-
.0007
.002

0.003 a 14
<.0007 .16

.0015 .18

.'025 .10

0.27 ......
.0$ 0.10
.01 ......

113 flP
.15 .07

30
40
10

55

...... 5
~10 21
...... 75

320 2.1

90
16
50
20

183

Group* of tl*m i

Esplnaso Volcanics of Stearns (1943) '............. 0.0003
<- 000015

.0003
0

~.0004

4.6
15
3
1.5
3

0.02 0.015
.005 .003
.015 .0015
.0015 .003
.0015 .0046

1.5
.05
.015
.003
.014

4.6
2.1
7
.7

3.2

0.005
.003
.003
.0015
.007

0.09
.005
.007
.007
.003

0.0015
.015
.03
.007
.05

0.14
.13

1.16
.22
.12

0.02 4.0
.03 .11
.03 6.6
.43 .06
.06 1.2

360
35

890
41

1.033

480 <. 5
920 3.7
220 8
240 10
890 61

118
1S7
U

S30
7M

> This sample group also contains 0.03 Ce, 0.015 La, ~0.01 Nd, and 0.12 Sr; 1 sample contains 0.003 Oe.
> This sample group also contains a trace of Tl.1 One sample in this sample group also contains 0.015 Sb and 0.015 Tl.

MORRISON FORMATION

Most data were obtained for the ore sample group
of the Morrison Formation, the most important ore
group in the area, from the standpoint of ore pro-
duction and mine reserves. With the exception of some
redistributed deposits in the Ambrosia Lake district
and possibly the Gallup district, this ore group shows no
direct, relation to tectonic structures and, with the
exception of the ores in the Salt Wash Member, no
stratigraphic or geographic differences.

In general, the ore group in the Morrison shows a
somewhat greater range in content of many elements
than most other groups of class 1. This is principally
the result of the greater number of samples, as indi-
cated by the similar geometric means for the respective
elements among the several sample groups (tables 7-9).
An exception is vanadium, which has a relatively wide
range and an average content that is much greater
than that of any of the other groups. (See vanadium
pentoxide, table 9.) These differences are reflected
mostly by sample 254040 (table 5), which was taken
from the northwestern part of the area where ores in
the Salt Wash Member have an average U: V ratio of
1:7 (See table 2, Shiprock district.) Because the Salt
Wash has a rather limited distribution in northwest-
ern New Mexico, the ores that have a high vanadium
content are restricted geographically as well as strati-
graphically.

MORRISON FORMATION (WOODROW DEPOSIT)

The Woodrow deposit in the Morrison Formation
differs from the groups in class 1 in its high content
of 10 elements, the presence of coarse-grained coffinite
in the ore, and the close association of the deposit
with a faulted pipelike structural feature. These dif-

ferences justify assignment of the Woodrow deposit
to class 2.

The contents of each of the following nine elements
in the Woodrow deposit are greater than the highest
respective contents of the sample groups in class 1 by
the following multiples: silver, >6X ; cobalt, Iy2X :
copper, $y2 X ; iron, 3 X ; nickel, 3% X ; lead, 5 X :
uranium, 4% x ; sulfur, 22 x ; and arsenic, 16 X. The
contents of lead and copper in the Woodrow are about
the same or less than in the group in the Cutler For-
mation, which contains an appreciably higher content
of these and some other elements than the groups in
class 1. This matter is discussed below under Cutler
Formation. The Woodrow also contains a trace of
thallium, which is rarely detected in deposits of the
peneconcordant type, and it also has a relatively high
sulfide mineral content, which is expressed hi the ore
principally as pyrite and marcasite; this content is
indicated by the high amounts of iron and sulfur
(table 10). Conversely, the Woodrow is low in vana-
dium.

The mineralogy of the Woodrow deposit is similar
to that of the group in the Morrison Formation,
with two exceptions: one is its relatively high sul-
fide mineral content, and the other is the presence of
coarse-grained coffinite (Hilpert and Moench, 1960,
p. 446) which occurs only in a fine-grained or earthy
form in other deposits in the Morrison Formation
as well as in all other peneconcordant deposits. Thus,
the significant differences between the Woodrow
deposit and groups of class 1 are the high grade of the
deposit, the presence of coarse-grained coffinite in the
ore, and the association of the deposit with a faulted
pipelike structural feature.



^^ URANIUM;: ^SOURCES OF:

7e Group (Mi^Kif to P?ei-std^fSff).—Sever
deposits are known

e Group, but they general%^ _
au^caicial. The resource outlook, howeveiyfs considei
to range from poor at the outcrop to good in the sub-
surface, similar to the Galisteo and Popotosa Forma-
tions. The Santa Fe Group is widely exposed, but in
most places only the upper few hundred feet of the
sequence is represented; elsewhere the beds are covered
by alluvium and surficial debris. Little, if any, explo-
ration has been done for deposits in the unexposed
beds. The great extent and thickness of these beds, and
the favorableness of many of them for containing urani-
um deposits, offer a good potential for deposits
that may range in size from small to large.

Older volcanic rock* of Jemez Mountains^ Espinaso
Volcanics of Steams (1943), Cieneguilla Limburgite of
Steam* (19-53), and intrusive rocks of varied composi-
tion and form.—One medium-sized vein deposit occurs
in the Espinaso Volcanics of Stearns (1943) on the
eastern side of the Los Cerrillos district; a few other
scattered small deposits, which are mostly surficial
accumulations, occur in various types of intrusive and
extrusive igneous rocks, mainly along the Rio Grande
trough. The uranium resources in these rocks are small
and the outlook is poor for finding more than a few
small, or possibly medium-sized, deposits in them. The
best potential is in the Los Cerrillos and Ortiz mining
districts, where some uraniferous vein deposits might
be found in association with the base-metal deposits.

AREAS RECOMMENDED FOR EXPLORATION
The principal uranium resources in northwestern

New Mexico are in peneconcordant deposits, mostly in
sandstone, partly in limestone, and to some extent in
carbonaceous shale and coal. Most of these resources are
along the margins of sedimentary basins, the most
important of these areas being the southern and west-
ern parts of the San Juan Basin.

Of greatest importance is the southern part of the
basin. On the basis of the frequency of distribution
of the known deposits and their geologic relations,
the deposits in this area are restricted to a zone or
belt north of the outcrop of the Jurassic rocks which
is at least 20 miles wide and which has been referred
to as the southern San Juan Basin mineral belt (Hil-
pert and Moench, 1960). The northern limit of the
belt is adjusted here to include the known areas of
most intensive structural deformation during Late
Jurassic time. This deformation is recognized as the
prime control on the uranium deposits in the Morrison
Formation and Todilto Limestone. As drawn, the
northern limit of the belt extends from near the

>ile sandstone northwest-
•ucted boundary of the
to the outcrop of the

oh. . . w..,,,i, »i ,, ii»o western side of the San
Juan Basin (fig. 20). Included in the belt are the
Jackpile trough in the Laguna district (roughly
marked by the Jackpile sandstone) and the main ore-
bearing sandstone mass in the Ambrosia Lake district
(areas C and D, respectively, fig. 20). Other structur-
ally deformed areas probably occur in the western
part of the belt and along its north margin. Certainly
such areas will not be expected to end abruptly where
the north margin is indicated. The boundary is drawn
to show approximately where the deformation became
less intensive northward. MirT
/ Included m'fhe'Belt isWpfrf of fHMfflG&fflneunit
bf the Todilto Limestone that is 15 feet or more
thick. This part includes almost all the mine reserves,
has yielded almost all the ore, and probably contains
most of the uranium resources in the Todilto. Where
the limestone unit of the Todilto was thickest, it prob-
ably received the most intensive deformation and
thus is considered most favorable *or deposits. TIu
Todilto generally lies about 400-500 feet below the
base of the Morrison Formation. Because of this gen
eral depth and the smaller deposits in it, the Todilto
is not of immediate economic interest except where it

deeply buried. ^
The mineral belt also contains the most favorable

ground for uranium deposits in the Dakota Sand
stone, although the Jurassic deformation probably hac
little, if any, influence on them. The best ground i:-
in the western part of the belt, where channel-typ*
sandstone lenses are largest and thickest. This area i;
near the margin of the Dakota basin of deposition
Depths to the base of the Dakota will generally Ix
about 500 feet nearer the surface than the base of th*
Morrison. Although the size of the deposits in thi
Dakota is about the same as the size of the ones ii
the Todilto. the deposits in the Dakota are mori
amenable to exploration and development, which cai
be. coordinated with exploration for the deeper bu
generally larger deposits in the Morrison Formation

In the western part of the San Juan Basin sut
stantial resources may also be found in the Shiprocl
district in the Salt Wash Member of the Morrisoi
Formation and in the Chuska district in the Recaptur
Member of the Morrison (fig. 20, areas A and B, re
spectively). Each of these areas defines the thicke
part of the respective members where they apparent!
ly occupy eastward-trending structural depression;I
Deposits in these rocks are expected to range frorl
small to medium in size, similar to the ones at th
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3445 URANIUM CARBIDE UOB100

SYNS:
2.4-DIHYDROXYPYRIMIDINE
2,4-DIOXOPYRIMIDINE
HYBAR X
PIROD
2,4-PYRIMIDINEDIOL

TOXICITY DATA:
pic-esc 1 g/L
cyt-mus-ipr 15 ng/kg
orl-rat TDLo: 18 g/kg (17-22D

preg/21D post):REP
orl-rat TDLo:616 mg/kg (7-17D

preg):REP
orl-rat TDLo:378 g/kg/30W-C:

ETA
ipr-mus LD50:1513 mg/kg

2,4-PYRIMlDINEDIONE
2.4<1H,3H)-PYRIMIDINEDIONE

(9CI)
PYROD

CODEN:
ZAPOAK 12,583,72
NULSAK 19,40,76
OYYAA2 22,109,81

OYYAA2 22,85,81

CNREA8 46,2062,86

JPETAB 207,504,78

EPA Genetic Toxicology Program. Reported in EPA TSCA
Inventory.

THR: Moderately toxic by intraperitoneal route. An experi-
mental tumorigen. Experimental reproductive effects. Mu-
tagenic data. When heated to decomposition it emits toxic
fumes of NO;,..

UNJ810 HR: 3
URACIL mixture with TEGAFUR (4:1)
CAS: 74578-38-4 NIOSH: YR 0480000
mf: C8H9FN2O3-4C4H4N2O2 mw: 648.59

SYNS:
FT mixture with URACIL (1:4)
TEGAFUR mixture with URACIL

(1:4)
1 -(2-TETRAHYDROFURYL)-5-

FLUOROURACIL mixture with
URACIL (1:4)

TOXICITY DATA:
orl-rat TDLo:713 mg/kg (7-17D

preg):TER
orl-rat TDLo:891 mg/kg (7-17D

preg):REP
orl-rat TDLo:2503 mg/kg (7-22D

preg/21Dpost):TER
orl-rat LD50:1580 mg/kg
orl-mus LD50:1275 mg/kg
orl-dog LD50:150 mg/kg
orl-rbt LD50:242 mg/kg

UFT
URACIL mixture with FT (4:1)
URACIL mixture with l-(2-TETRA-

HYDROFURYL)-3-FLUORO-
URACIL(4:1)

CODEN:
OYYAA2 22,85,81 .

OYYAA2 22,85,81

OYYAA2 22,109,81

OYYAA2 20,1009,80
OYYAA2 20,1009,80
OYYAA2 20,1009,80
OYYAA2 20,'1009J80

THR: Poison by ingestion. An experimental teratogen. Ex-
perimental reproductive effects. When heated to decomposi-
tion it emits toxic fumes of F~ and NO^. See also URACIL.

UNSOOO
%RANIUM
CAS: 7440-61-1
DOT: 2979
af: U aw: 238.00

, HR:3

NIOSH: YR 3490000

PROP: A heavy, silvery-white, 'malleable, ductile, softer-
than-steel, metallic element. Mp: 1132°, bp: 3818°, d: 18.95
(ca). Radioactive material.

SYN: URANIUM METAL. PYROPHORIC (DOT)

Reported in EPA TSCA Inventory.

OSHA PEL: TWA 0.25 mg(U)/m3

ACGIH TLV: TWA 0.2 mg(U)/m3; STEL 0.6 mg(U)/m3

DFG MAK: 0.25 mg/m3

DOT Classification: Radioactive Material; Label: Radioac-
tive and Flammable

THR: A highly toxic element on an acute basis. The permis-
sible levels for soluble compounds are based on chemical
toxicity, while the permissible body level for insoluble com-
pounds is based on radiotoxicity. The high chemical toxicity
of uranium and its salts is largely shown in kidney damage
which may not be reversible. Acute arterial lesions may
occur after acute exposures. The most soluble uranium com-
pounds are UF6, UO2(NO3)2, UO2C12, UO2F2, and uranyl
acetates, sulfates, and carbonates. Some moderately soluble
compounds are UF4, UO2, UO4, (NH4)2U2O7, UO3, and
uranyl nitrates. The rapid passage of soluble uranium com-
pounds through the body tends to allow relatively large
amounts to be taken in. Soluble uranium compounds may
be absorbed through the skin. The least soluble compounds
are high-fired UO2, U3O8, and uranium hydrides and car-
bides. The high toxicity effect of insoluble compounds is
largely due to lung irradiation by inhaled particles. This
material is transferred from the lungs of animals quite
slowly.

A very dangerous fire hazard in the form of a solid or
dust when exposed to heat or flame. It can react violently
with air; C12; F2; HNO3; NO; Se; S; water; NH3; BrF3;
trichloroethylene; nitryl fluoride. During storage it may
form a pyrophoric surface due to effects of air and moisture.
Depleted uranium (the 238U-by-product of the uranium en-
richment process, with relatively low rad'oacuvity) is used
in armor-piercing shells, ship or aircraft ballast, and coun-
terbalances. Uranium is also used in making colored ce-
ramic glazes.

UOAOOO HR: 3
URANIUM AZIDE PENTACHLORIDE
CAS: 55042-15-4
mf: C15N3U mw: 457.32

THR: A radioactive material. An explosive. When heated
to decomposition it emits very toxic fumes of Cl~ and
NOX. See also URANIUM and AZIDES.

UOB100 HR: 3
URANIUM CARBIDE
CAS: 12070-09-6
mf: UC mw: 250.04

THR: A radioactive material. The powdered carbide ignites
spontaneously in air. See also URANIUM.



3455 VANADIUM DICHLORIOE VDAOOO

SYNS:
BETAMETHASONE VALERATE
BETAMETHASONE 17-VALERATE
BETNOVATE
BETNOVATEAT
CELESTODERM

TOXICITY DATA:
skn-rat TDLo:42 mg/kg (35D

male): REP
skn-rat TDLo: 19800 fig/kg

(7-17Dpreg):TER
scu-mus TDLo: 1 mg/kg (1 ID

preg):TER
scu-rat LDLo:2000 mg/kg
orl-mus LD50:4067 mg/kg
ipr-musLD50:632
scu-mus LD50.-496 mg/kg
scu-rbt LD50.-6I200 (Jt,g/kg

9-FLU6RO-ll-6,I7,21-TRlHY-
DROXY- 16-B-METHYLPREGNA-
1,4-DIENE-3,20,DIONE-I7-
VALERATE

S-METHASONE-I7-VALERATE

CODEN:
OYYAA2 27,1217,84

YACHDS 9,3045,81

YKRYAH 10,1585,77

ARZNAD 27,2102,77
SKLZAB 29,153,73
SKIZAB 29,153,73
SKIZAB 29,153,73
OYYAA2 28,687,84

THR: Poison by subcutaneous route. Moderately toxic by
intraperitoneal route. Mildly toxic by ingestion. An experi-
mental teratogen. Experimental reproductive effects. When
heated to decomposition it emits toxic fumes of F~.

VCKOOO
VALONEA TANNIN

SYNS:
QUERCUS AEGILQPS L. TANNIN

TOXICITY DATA:
scu-rat TDLo:750 mg/kg/2W-I:

CAR
ipr-mus LD50:110 mg/kg
scu-mus LD50:170 mg/kg
ivn-mus LD50:50 mg/kg
ims-mus LD50:280 mg/kg

HR:3

MOSH: YW 0305000

TANNIN from VALONEA

CODEN:
BJCAAI 14,147,60

JPPMAB 9,98,57
JPPMAB 9,98,57
JPPMAB 9,98,57
JPPMAB 9,98,57

THR: Poison by intraperitoneal, intravenous, subcutaneous
and intramuscular routes. An experimental carcinogen. See
also TANNIC ACID.

VCPOOO
VANADIUM
CAS: 7440-62-2
af: V aw: 50.94

HR:3

NIOSH: YW 1355000

PROP: A bright, white, soft, ductile metal; sltly radioactive.
Bp: 3000°, d: 6.11 @ 18.7°, mp: 1917°. Insol in water.

TOXICITY DATA: CODEN:
ims-rat TDLo: 340 mg/kg/43W-I: NCIUS* PH 43-64-

ETA 886.SEPT.71
scu-rbt LD50:59 mg/kg FATOAO 28,83,65

Reported in EPA TSCA Inventory.

NIOSH REL: TWA 1.0 mg(V)/m3

THR: Poison by subcutaneous route. An experimental tu-
morigen. Flammable in dust form from heat, flame or

sparks. Violent reaction with BrF3; C12; lithium; nitryl fluo-
ride; oxidants. When heated to decomposition it emits toxic
fumes of VO,.. See also VANADIUM COMPOUNDS.

VCUOOO HR: 3
VANADIUM AZIDE TETRACHLORIDE
mf: C14N3V mw: 234.76
Community Right To Know List.

THR: Explosive. When heated to decomposition it emits
very toxic fumes of VO^, Cl~ and NO*. See also VANA-
DIUM COMPOUNDS, AZIDES, and CHLORIDES.

VCZOOO
VANADIUM COMPOUNDS

HR:D

THR: Variable toxicity. Vanadium compounds act chiefly
as an irritant to the conjunctivae and respiratory tract. Acute
and chronic exposure can give rise to conjunctivitis, rhinitis,
reversible irritation of the respiratory tract, and to bronchi-
tis, bronchospasms, and asthma-like diseases in more severe
cases. There is still some controversy as to the effects of
industrial exposure on other systems of the body. Responses
are mostly acute, seldom chronic. The first report of human
vanadium poisoning described rather widespread systemic
effects, consisting of polycythemia, followed by red blood
cell destruction and anemia, loss of appetite, pallor arid
emaciation, albuminuria and hematuna, gastrointestinal dis-
orders, nervous complaints and cough, sometimes severe
enough to cause hemoptysis. More recent reports describe
symptoms which, for the most part, are restricted to the
conjunctivae and respiratory system, no evidence being
found of disturbances of the gastrointestinal tract, kidneys,
blood or central nervous system. Vanadate (VO3~) is a
potent inhibitor of the sodium pump, an enzyme universally
present in eukaryotic organisms. The absorption of V2Os
by inhalation is nearly 100%. Though certain workers be-
lieve that it is only the pentoxide which is harmful, other
investigators have found that patronite dust (chiefly vana-
dium sulfide) is quite toxic to animals, causing acute pulmo-
nary edema. Acute poisoning in animals by ingestion of
vanadium compounds causes nervous disturbances, paraly-
sis of legs, respiratory failure, convulsions, bloody diar-
rhea, and death. Poisoning by inhalation causes bleeding
of the nose and acute bronchitis. Some compounds have
rhutagenic effects. VF5 and the oxyhalogenides of pentava-
lent vanadium (VOF3, VOC13, VOBr3) are volatile. Vana-
dium compounds are common air contaminants. The fumes
are highly toxic. The major use of vanadium and its alloys
is in the steel industry. When heated to decomposition it
emits toxic fumes of VO .̂ See also specific compounds.

VDAOOO
VANADIUM DICHLORIDE
CAS: 10580-52-6
mf: C12V mw: 121.84

HR:3

NIOSH: YW 1575000



VDFOOO VANADIUM ORE 3456

PROP: Hexagonal, green, deliquescent plates. D: 3.23
18°. Sol in abs ale, glacial acetic acid.

CODEN:
AIHAAP 30,470,69

TOXICITY DATA:
orl-rat LD50:540 mg/kg

NIOSH REL: CL 0.05 mg(V)/m3/15M

THR: Moderately toxic by ingestion. Will react with water
or steam to produce toxic and corrosive fumes and explosive
hydrogen gas. Platinum accelerates the reaction to violence.
When heated to decomposition it emits toxic fumes of VO^.
See also HYDROCHLORIC ACID, VANADIUM COM-
POUNDS, and CHLORIDES.

VDFOOO
VANADIUM ORE

TOXICITY DATA:
ihl-hmn TDLo:4 (xg/kg:PUL

HR:2

NIOSH: YW 1630000

CODEN:
AMIHAB 12,635,55

NIOSH REL: (Vanadium Compounds) CL 0.05 mg(V)/m3/
15M

THR: Human systemic effects by inhalation: pulmonary
system effects. When heated to decomposition it emits toxic
fumes of VOX. See also VANADIUM COMPOUNDS.

VDKOOO HR: 3
VANADIUM OXIDE TRIISOBUTOXIDE
CAS: 19120-62-8 NIOSH: YW 1115000
mf:C12H27O4V mw: 287.14

SYNS:
ISOBUTYL ORTHOVANADATE
TRIISOBUTOXYOXOVANADIUM
TRIISOBUTYL ORTHOVANADATE

TOXICITY DATA:
skn-rbt 500 mg/24H SEV
eye-rbt 100 mg SEV
orl-rat LD50:293 mg/kg
skn-rbt LD50:1930 mg/kg

TRIISOBUTYL VANADATE
TRHSOPROPOXYVANADIUM OX-

IDE

CODEN:
PESTC* 9,5,80
PESTC* 9,5,80
PESTC* 9,5,80
PESTC* 9,5,80

THR: Poison by ingestion. Moderately toxic by skin con-
tact. A severe skin and eye irritant. When heated to decom-
position it emits acrid smoke and irritating fumes of VOX.
See also VANADIUM COMPOUNDS.

VDPOOO HR: 3
VANADIUM OXYTRICHLORIDE
CAS: 7727-18-6 NIOSH: YW 2975000
DOT: 2443
mf: C13OV mw: 173.29
PROP: Yellow, deliquescent liquid. Mp: -77° ± 2°, bp:
126.7°, d: 1.811 @ 32°.

TOXICITY DATA: CODEN:
orl-rat LD50:140 mg/kg AIHAAP 30,470,69

Reported in EPA TSCA Inventory.

ACGIH TLV: TWA 0.05 mg(V2O5)/m3

NIOSH REL: (Vanadium Compounds) CL 0.05 mg(V)/m
3/

15M

DOT Classification: Corrosive Material; Label: Corrosive

THR: Poison by ingestion. A corrosive irritant to skin,
eyes and mucous membranes. Explosive reaction with so-
dium. Violently hygroscopic. Violent reaction with ru-
bidium (at 60°C); potassium. When heated to decomposition
it emits toxic fumes of VO^ and Cl~. See also VANADIUM
COMPOUNDS and HYDROCHLORIC ACID. For further
information, see Vol. 2, No. 2 of DPIM Report.

VDUOOO HR: 3
' VANADIUM PENTOXIDE (dust)

CAS: 1314-62-1 NIOSH: YW 2450000
DOT: 2862
mf:O5V2 mw: 181.88

PROP: Yellow to red, crystalline powder. Mp: 690°, bp:
decomp @ 1750°, d: 3.357 @ 18°.

SYNS:
ANHYDRIDE VANADIQUE

(FRENCH)
C.I. 77938
RCRA WASTE NUMBER PI20
VANADIC ANHYDRIDE
VANADIO. PENTOSSIDO di (ITAL-

IAN)
VANADIUM DUST and FUME

(ACGIH)
VANADIUM OXIDE (V,O5)

TOXICITY DATA:
mrc-bcs 500 mmol/L
ivn-mus TDLo: 10900 mg/kg (8D

preg):TER
ihl-hmn TCLo:346 mg/m3:PUL
ihl-hmn TCLo:l mg/m3/8H:

PUL,EYE
orl-rat LD50:10 mg/kg
ihl-rat LCLo:70 mg/m3/2H
ipr-rat LD50:12 mg/kg
scu-rat LD50:14 mg/kg
itr-rat LDLo:25 mg/kg
orl-mus LD50:23 mg/kg
scu-mus LD50:10 mg/kg
ihl-cat LCLo:500 mg/m3/23M
scu-rbt LDLo:20 mg/kg
ivn-rbt LDLo: 10 mg/kg
scu-gpg LDLo:20 mg/kg

VANADIUM(V) OXIDE
VANADIUM PENTAOXIDE
VANADIUM PENTOXIDE. non-fused

form (DOT)
VANADIUM. PENTOXYDE dc

(FRENCH)
VANADIUMPENTOXID (GERMAN)
VANADIUMPENTOXYDE (DUTCH)
WANADU PIECIOTLENEK (POL-

ISH)

CODEN:
MUREAV 77,109,80
ENVRAL 33,47,84

AMIHAB 19,497,59
AEHLAU 14,709,67

ATXKA8 16,182,56
NTIS** AEC-TR-6710
ATXKA8 16,182,56
ATXKA8 16,182,56
NTIS** AEC-TR-6710
85GMAT-,119,82
ZVKOA6 19,186,74
30ZIAO -,140,64
27ZWAY 3.3,1541,-
27ZWAY3.3.1541,-
30ZIAO-, 140,64

SYNS:
TRICHLOROOXOVANADIUM
VANADIUM TRICHLORIDE OXIDE

VANADYL TRICHLORIDE

Reported in EPA TSCA Inventory. EPA Genetic Toxicol-
ogy Program.

OSHA PEL: CL 0.5 mg/m3

ACGIH TLV: TWA 0.05 mg(V2O5)/m3



3457 VANADIUM TRIBROMIDE OXIDE VEK100

DFG MAK: (fine dust) 0.05 mg/m3

NIOSH REL: (Vanadium Compounds) CL 0.05 mg(V)/m3/
ISM

DOT Classification: ORM-E; Label: None; Poison B; Label:
Poison

THR: Poison by ingestion, inhalation, intraperitoneal, sub-
cutaneous, intratracheal and intravenous routes. An experi-
mental teratogen. Human systemic effects by inhalation:
bronchiolar constriction, including asthma, cough, dys-
pnea, sputum, and conjunctiva irritation. Experimental re-
productive effects. Mutagenic data. A respiratory irritant;
causes skin pallor, greenish-black tongue, chest pain,
cough, dyspnea, palpitation, lung changes. When ingested
it causes gastrointestinal tract disturbances. May also cause
a papular skin rash. Mixtures with calcium + sulfur 4-
water may ignite spontaneously. The absorption of V2C>5
by inhalation is nearly 100%. Incompatible with C1F3; Li;
peroxyformic acid. When heated to decomposition it emits
acrid smoke and irritating fumes of VOX. See also VANA-
DIUM COMPOUNDS. For further information, see Vol.
2, No. 2 of DPIM Report.

VDZOOO HR: 3
|VANADIUM PENTOXIDE (fume)

CAS: 1314-62-1 NIOSH: YW 2460000
mf:O5V2 mw: 181.88

SYN: VANADIUM DUST AND FUME (ACOIH)

EPA Extremely Hazardous Substances List. Reported in
EPA TSCA Inventory. EPA Genetic Toxicology Program.

OSHA PEL: CL 0.1 mg/m3

ACGIH TLV: TWA 0.05 mgg(V2O5)/m3

NIOSH REL: (Vanadium Compound) CL 0.05 mg(V)/m3/
15M

THR: A poison by several routes. Can react violently with
(Ca + S + H2O); C1F3; Li. When heated to decomposition
it emits toxic fumes of VO,. See also VANADIUM
PENTOXIDE (DUST). For further information, see Vol.
2, No. 2 of DPIM Report.

VEAOOO
VANADIUM SESQUIOXIDE
CAS: 1314-34-7
mf: O3V2 mw: 149.88

PROP: Black crystals. Mp: 1970°, d: 4.87 @ 18°.

HR:3

NIOSH: YW 3050000

SYNS:
VANADIC OXIDE
VANADIUM OXIDE

TOXICITY DATA:
itr-rat LDLo: 125 mg/kg
orl-mus LD50:382 mg/kg
scu-mus LD50:130 mg/kg

VANADIUM TRtOXIDE

CODEN:
NTIS** AEC-TR-67IO
GTPZAB 8,25,64
ZVKOA6 19,186,74

Reported in EPA TSCA Inventory.

NIOSH REL: CL 0.05 mg(V)/m3/15M

THR: Poison by ingestion, subcutaneous and intratracheal
routes. Ignites when heated in air. When heated to decom-
position it emits toxic fumes of VO^. See also VANADIUM
COMPOUNDS.

VEFOOO HR: 3
VANADIUM TETRACHLORIDE
CAS: 7632-51 -1 NIOSH: YW 2625000
DOT: 2444
mf: C14V mw: 192.74

PROP: Reddish-brown liquid. Mp: -28 ± 2°, bp: 148.5°,
d: 1.816@30°.

SYN: VANADIUM CHLORIDE

CODEN:
AIHAAP 30,470,69

TOXICITY DATA:
ori-rat LD50:160 mg/kg
Reported in EPA TSCA Inventory.

ACGIH TLV: TWA 0.05 mg(V2O5)/m3

NIOSH REL: (Vanadium Compound) CL 0.05 mg(V)/m3/
15M

DOT Classification: Corrosive Material; Label: Corrosive

THR: Poison by ingestion. A corrosive irritant to skin,
eyes and mucous membranes. When heated to decomposi-
tion it emits toxic fumes of VO^ and CI~. See also VANA-
DIUM COMPOUNDS and HYDROCHLORIC ACID.

VEKOOO
VANADIUM TRIBROMIDE
CAS: 13470-26-3
mf: Br3V mw: 290.67

HR:3

NIOSH: YW 2750000

CODEN:
27ZWAY3,3,154I,-

PROP: Green-black, deliquescent crystals. Mp: decomp.

SYN: VANADIUM BROMIDE

TOXICITY DATA:
scu-rbt LDLo:20 mg/kg

Reported in EPA TSCA Inventory.

NIOSH REL: CL 0.05 mg(V)/m3/15M
THR: Poison by subcutaneous route. When heated to de-
composition it emits toxic fumes of VOX and Br~. See
also VANADIUM COMPOUNDS and BROMIDES.

VEKIOO HR: 3
VANADIUM TRIBROMIDE OXIDE
CAS: 13520-90-6
mf: Br3OV mw: 306.65
THR: Reacts violently with water. When heated to decom-
position it emits toxic fumes of Br~ and VO^. See also
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6. ENVIRONMENTAL FATE

6.1 OVERVIEW
Arsenic enters the environment both as the result of natural forces

(volcanos and weathering of arsenic-containing rocks) and human activity
(metal smelting, glass manufacturing, pesticide production and
application, and fossil-fuel burning).

Arsenic in the environment may undergo a complex cycle of chemical
interconversions and transfers between media. Atmospheric emissions,
which are usually adsorbed to particulate matter, may undergo oxidation
before being returned to the surface by wet or dry deposition. Arsenic
in water may undergo either reduction or oxidation, depending on pH, the
electrochemical oxidation-reduction potential (Eh) , and other ions
present. Soluble forms of arsenic tend to be quite mobile in water,
while less soluble species adsorb to clay or soil particles.
Microorganisms in soils, sediments, and water can reduce and methylate
arsenic to yield methyl arsines, which volatilize and re-enter the
atmosphere. These forms then undergo oxidation to become methyl arsonic
acids and ultimately transform back to inorganic arsenic.

6.2 RELEASES TO THE ENVIRONMENT

6.2.1 Anthropogenic
Table 6.1 summarizes releases of arsenic into the environment in

1979 as a result of human activity (EPA 1982b). The total amount of
arsenic released was 53,400 Mg, most of which (81%) was deposited on
land. Tbe chree largest sources of emissions tc air and ?oil are fossil
fuel consumption, pesticide use, and copper smelting. These three
sources accounted for 35, 26, and 19%, respectively, of total air
emissions in 1979, and similar quantities (32, 19, and 19%) of land
emissions. The largest sources of arsenic in surface water are urban
runoff (37%), pesticide application (25%), and zinc production (20%).

6.2.2 Natural
Table 6.2 summarizes the quantities of arsenic estimated to be

released to the environment from natural sources. In the northern
hemisphere, the single largest source is volcanic emissions, accounting
for 88% of the total releases. Other important natural sources include
weathering of arsenic-containing minerals and ores (160 Mg/year), forest
fires (110 Mg/year), and the terrestrial biosphere (170 Mg/year).



74 Section 6

6.3 ENVIRONMENTAL FATE

6.3.1 Atmosphere
Arsenic released to the atmosphere as a gas vapor or adsorbed to

particulate matter may be transported to other media via wet or dry
deposition, making the atmosphere an important route of arsenic transfer-
to other media. Trivalent arsenic may undergo oxidation in the air, and
arsenic in the atmosphere is usually a mixture of the trivalent and
pentavalent forms (EPA 1984a).

Most arsenic in air is adsorbed to particulate matter, especially
small diameter particles (e.g., less than 2 /im in diameter) (Coles et
al. 1979, as cited in EPA 1982b). The residence time of particulate-
bound arsenic in the air depends on particle size, but a typical value
is about 9 days (Walsh et al. 1979, as cited in EPA 1982b). Arsenic may
persist longer under conditions of limited atmospheric mixing or low
precipitation.

Photolysis is not considered an important fate process for arsenic
compounds (Callahan et al. 1979).

6.3.2 Surface Water
Arsenic in surface water can undergo a complex pattern of

transformations, including oxidation-reduction reactions, ligand
exchange, biotransformation, precipitation, and adsorption (Callahan et
al. 1979). This complexity results in extremely mobile behavior in
aquatic systems, with much of the arsenic entering rivers and eventually
transported to oceans (Callahan et al. 1979). Rate constants for these
.various reactions are not readily available, but the factors most
strongly influencing intramedium fate processes in surface water include
Eh, pH, metal sulfide and sulfide ion concentrations, iron
concentration, presence of phosphorus minerals, temperature, salinity,
and distribution and composition of biota (Callahan et al. 1979).

Sorption onto clays, iron oxides, manganese compounds, and organic
material is an important fate of arsenic in surface water (Callahan et
al. 1979, EPA 1982b), and sediment serves as a reservoir for much of the
arsenic entering surface waters. Sediment-bound arsenic
(arsenate/arsenite), which has been methylated by aerobic and anaerobic
microorganisms, may be released back to the water column (EPA 1982b).

6.3.3 Groundwater
Soluble forms of arsenic interact with soil and travel with the

groundwater mass with which they are associated. Shifts in oxidation
state may occur in either direction, depending on the particular
physical and chemical characteristics of the soil and groundwater.

Volatilization of methylated forms from groundwater is possible.
Nonporous soil and heavy vegetation cover are expected to impede
volatilization, and oxidation may transform volatile forms into
nonvolatile species or species that will adsorb to clay, organic matter,
and iron and aluminum complexes.
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6.3.4 Soil
Arsenic occurs in soil predominantly in an insoluble adsorbed form

(EPA 1982b). Clay with high anion exchange capacity (e.g., high
kaolinite content) is particularly effective at adsorbing arsenate via
anion exchange. Complexation and chelation by organic material, iron, or
calcium are also important processes fixing arsenic in insoluble form
(Cooper et al. 1932, as cited in EPA 1982b).

Red and yellow podzols, latosols, arid and limestone soils, and
subsoils high in clay and iron oxides have greater holding capacity for
arsenic than other types of soil (Hiltbold et al. 1974, as cited in EPA
1982b). A rise in pH in high iron soil, a drop in pH in lime soil, or a
change in redox potential may lead to resolubilization of fixed arsenic.

Leaching of arsenic is usually important only in the top 30 cm of
soil (EPA 1982b). Leaching carries arsenic deeper in sandy soils than in
clay or loam soils, although EPA (1982b) reports that no leached arsenic
could be detected below 90 cm in any of the studies.

While arsenate dominates in aerobic soils, arsenite is the
predominant form in slightly reduced soils (e.g., temporarily flooded
soil), and arsine, methylated arsenic, and elemental arsenic predominate
in very reduced conditions (e.g., swamps and bogs) (EPA 1982b).

6.3.5 Biota
As noted above, arsenic in water and soil may be reduced and

methylated by fungi, yeasts, algae, and bacteria, and these forms may
volatilize and escape into the air (Wood 1974). The rate of
volatilization may vary considerably, depending on soil conditions
(oxygenated or anaerobic). The pH value of the soil and microbes present
also influence the rate of volatilization. For example, a report by the
PAX company (1973) estimated that 50% of an applied dose might
volatilize in one year, while Woolson (1976) reported only 1 to 2%
volatilisation over a period of several months.

Bioconcentration of arsenic occurs in aquatic organisms, primarily
in algae and lower invertebrates. Biomagnification in aquatic food
chains does not appear to be significant (EPA 1982b, Callahan et al.
1979), although some fish and invertebrates contain high levels of
arsenic compounds which are relatively inert toxicologically (EPA
1984a).

Plants may accumulate arsenic via root uptake from soil solution,
and certain species may accumulate substantial levels (EPA 1982b). In
addition to species differences, the amount of arsenic taken up depends
on soil arsenic concentration, soil characteristics, and other factors.
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5. POTENTIAL FOR HUMAN EXPOSURE

concentrations of 0.10-0.25 mg selenium/L in a. settling basin effluent from
coal fly ash in North Carolina. Overflow from the ash basin to Belews Lake
resulted in surface water selenium concentrations of 0.005-0.020 mg selenium/L
in the lake basin. Selenium concentrations of as much as 0.28 mg selenium/L
have been reported for raw sewage, 0.045 mg selenium/L for primary effluent,
and 0.050 mg selenium/L for secondary effluent (Baird et al. 1972).

5.2.3 Soil

The primary determinant of selenium concentrations in the soil is the
selenium content of the parent bedrock materials that releases selenium via
weathering processes and leaching (NAS 1976a). Natural weathering processes
are thought to release about 100,000-200,000 metric tons of selenium per year
(Andren et al. 1975). Atmospheric deposition of selenium also contributes to
selenium in the soil. In the past, selenium was used in pesticide products,
but because of its stability in soils and subsequent contamination of food
crops, its use in pesticide products is restricted. The release of selenium
to soil from fly ash settling ponds and hazardous waste sites has not been
quantified.

5.3 ENVIRONMENTAL FATE

The behavior of selenium in the environment is influenced to a large
degree- by its oxidation state and the consequent differences in the behavior
of its different chemical compounds (Callahan et al. 1979; NAS 1976a). The
oxidation state of selenium in the environment is dependent on ambient
conditions, particularly on pH, Eh, and biological activity (Maier et al.
1988).

5.3.1 Transport and Partitioning

The volatile selenium compounds that partition into the atmosphere
include the inorganic compounds selenium dioxide and hydrogen selenide and the
organic compounds dimethyl selenide and dimethyl diselenide. Hydrogen
selenide is highly reactive in air and is rapidly oxidized to elemental
selenium and water (NAS 1976a), but the other compounds can persist in air.

Selenium compounds released to the atmosphere can be removed from the
atmosphere by dry or wet deposition to soils or to surface water. Selenium
concentrations ranging from 0.00004 to 0.0014 mg selenium/L have been detected
in rain and snow (Hashimoto and Winchester 1967). Kubota and co-workers
(1975) reported selenium concentrations of 0.00002-0.00037 mg selenium/L in
rainwater at several locations of the United States and Denmark.

The forms of selenium expected to be found in surface water and the water
contained in soils are the salts of selenic and selenious acids. Selenic acid
(H2Se04) is a strong acid. The soluble selenate salts of this acid^are
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expected to occur in alkaline waters. Sodium selenate is one of the most
mobile selenium compounds in the environment owing to its high solubility and
inability to sorb onto soil particles (NAS 1976a). Selenious acid (H2Se03) is
a weak acid and the diselenite ion predominates in waters between pH 3.5 and
9. Most selenites are less soluble in water than the corresponding selenates
(NAS 1980b).

Selenium in the aquatic environment is bioaccumulated by aquatic
organisms (Chau and Riley 1965; Ohlendorf et al. 1986a; Rudd and Turner 1983;
Saiki and Lowe 1987). Lemly (1985) has reported bioconcentration factors
(BCFs) of 150-1,850 and bioaccumulation factors (BAFs) of 1,746-3,975 for
selenium in freshwater. In the Kesterson National Wildlife Refuge in the San
Joaquin Valley of California, elevated levels of selenium have been measured
(dry weight) in algae (average 35 mg selenium/kg), midge larvae (139 mg
selenium/kg), dragonfly and damselfly nymphs (average 122 and 175 mg
selenium/kg, respectively), and mosquito fish (170 mg selenium/kg; Ohlendorf
et al. 1986b). For comparison, the mean concentration of selenium found in
fish throughout the United States in the 1976-1977, 1978-1979 and 1980-1981
National Pesticide Monitoring Program (Lowe et al. 1985; May and McKinney
1981; Ohlendorf et al. 1986b) was 0.56, 0.46, and 0.47 mg selenium/kg wet
weight, respectively. Similarly, Lemly (1985) found elevated selenium
concentrations in aquatic organisms living in a power plant cooling reservoir
in North Carolina. The degree of bioaccumulation of selenium exhibited a
stable pattern over several years, with selenium concentrations (wet weight)
in fishes (6-35 mg selenium/kg) > benthic insects (12-15 mg selenium/kg) >
annelids (10-12 mg selenium/kg) > molluscs and crustaceans (5-9 mg
selenium/kg) > periphyton (4-6 mg selenium/kg; Ohlendorf et al. 1986a). In
fish, selenium was concentrated in visceral tissue (25-35 mg selenium/kg wet
weight) more than in skeletal muscle ( 6-11 mg selenium/kg wet weight) . Adams
(1976) reported BCFs of 62.1, 14.3, 6.3, 3.2, and 10.5 for selenium in the
viscera, gill, head-tail, muscle and whole trout, respectively. The BCFs and
BAFs for selenium in visceral tissue (i.e., heart, hepatopancreas, spleen, and
gonads) of fish have been estimated to range from 35 to 1,850 and from 1,058
to 3,980, respectively (Lemly 1985, 1982). Lemly (1985) also estimated BAFs
for selenium in skeletal muscle of fish to range from 485 to 1,746, depending
on the species. Maier et al. (1988) estimated BAFs for selenium by algae to
range from 100 to 2,600.

Some evidence indicates that under natural conditions selenium might
biomagnify in aquatic organisms (Lemly 1985; Maier et al. 1988; NCDNR 1986;
Sandholm et al. 1973). Biomagnification is evidenced by progressively higher
concentrations of an element or substance in organisms at successively higher
trophic levels. More than fifty percent of the selenium contained in
sediments in the ponds and reservoir in the Kesterson National Wildlife Refuge
in California may be in organic forms (Maier et al. 1988). This might result
from the bioaccumulation of selenate by aquatic plants and subsequent
synthesis of organic selenium before the plants die and decay on the bottom.
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In soils, pH and Eh are determining factors in the transport and
partitioning of selenium. Elemental selenium is essentially insoluble and may
represent a major inert "sink" for selenium introduced into the environment
under certain conditions (NAS 1976b). Heavy metal selenides and selenium
sulfides, which are also insoluble, predominate in acidic (low pH) soils and
soils with high amounts of organic matter. Selenium in this form is immobile
and will remain in the soil. The selenides of other metals such as copper and
cadmium are of low solubility (NAS 1976b). Sodium and potassium selenites
dominate in neutral, well-drained mineral soils, and some soluble metal
selenites may be found as well. In alkaline (pH > 7.5), well-oxidized soil
environments, selenates are the major selenium species. Due to their high
solubility and low tendency to sorb onto soil particles, the selenates are
very mobile (Kabatas-Pendias and Pendias 1984) and are readily taken up by
biological systems (Klaassen et al. 1986) or leached through the soil.
Gerritse et al. (1982) found selenium to be very mobile in sewage sludge
leachate. They reported ̂ s (distribution coefficient — [concentration of
selenium sorbed on soil or rock]/[concentration of selenium in solution]) of
14.9 ml/g for sandy loam and 5.91 ml/g for sludge-treated sandy soils.
Selenite forms stable ferric oxide-selenite adsorption complexes in acid or
neutral soils (Geering et al. 1968).

In environments favoring the soluble forms of selenium (alkaline and
oxidizing conditions), the soluble forms of selenium can be accumulated by
plants. Selenium uptake by plants is influenced by many factors including
soil type, pH, colloidal content, concentration of organic material,
oxidation-reduction potentials in the root-soil environment, and total level
of selenium in the soil (Fishbein 1983; Robberecht et al. 1982). Soluble
selenates (principally sodium selenate) appear to be responsible for most of
the naturally occurring instances of plants accumulating high levels of
selenium, although much of the total selenium in soil may be present in other
forms (NAS 1976a). The use of lime and plant ash as fertilizers, which would
raise the pH of the soil and favor the formation of selenate, has been
implicated as a contributing factor in the accumulation of high levels of
selenium in crops in certain regions of China (Yang et al. 1988).

5.3.2 Transformation and Degradation

5.3.2.1 Air

Selenium dioxide (Se02) released to the air from the combustion of fossil
fuels should be largely reduced to elemental selenium by sulfur dioxide formed
during the combustion (NAS 1976b). Hydrogen selenide is unstable in air and
is oxidized to elemental selenium and water (NAS 1976a). Hazards from
hydrogen selenide are expected, therefore, to be confined to occupational
settings where the confined gas might build up to hazardous levels despite
oxidative losses (NAS 1976a).
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5267. Lead. Pb; at. wt 207.2; at. no. 82; valence 2, 4.
Four naturally occurring isotopes: 204 (1.4O%); 206 (25.2%);
507 (21.7%); 208 (51.7%); artificial, radioactive isotopes:
195-203; 205; 209-214. One of the metals known to the
Ancient world. Extent of occurrence in earth's crust about
rj g/ton, also expressed as 0.002% (depth of crust: 16 km),

chiefly as sulfide in galena, other minerals include
(PbSO,), cerussite (PbCOj), mimetite [PbCl2.3Pb3-
and pyromorphite [PbClj^Pb/PO^J. Recovery

ore and purification: Heuser, Metall 9, 675 (1955),
Ji"J" 49, 14609 (1955); Ziegfeld. Eng. Mining J. 153, 82
M952), C.A. 46, 2975 (1952). Prepn of high purity lead:
iHontelli. Fagnani, Chim. Ind. (Milan) 34, 629 (1952), C.A.
17 12062 (1953); Giesen, Technik (Berlin) 2, 393 (1947),
r\ 42, 852 (1948); Hughes J. Electrochem. Soc. 101, 267
(1954); Baralis, Marone, Met. ItaL 59, 494 (1967), C.A. 67,
119613a (1967). Reviews of lead, its alloys and compds: W.
uofmann, Lead and Lead Alloys, Properties and Technology
(Springer, New York, Eng. Ed., 1970) 551 pp; Abel in Com-
nrehensive Inorganic Chemistry vol. 2, J. C. Bailar, Jr. et al.,
Eds. (Pergamon Press, Oxford, 1973) pp 105-146; H. E.
Howe in Kirk-Othmer Encyclopedia of Chemical Technology
Jol. 14 (Wiley-Interscience. New York, 3rd ed., 1981) pp
98 'l 39 Review of carcinogenicity studies of lead and lead
compds: IARC Monographs 23, 325-415 (1980).

Bluish-white, silvery, gray metal. Highly lustrous when
freshly cut, tarnishes upon exposure to air. Very soft and
malleable, easily melted, cast, rolled, and extruded. Cubic
crystal structure, mp 327.4'; bp 1740°. d}° 11.34; d at mp
1065: Schneider et al., Naturwiss. 41, 326 (1954). Heat of
vaporization (1740°) 2O6 cal/g. Heat capacity (20*): 0.031
cal/g/°C. Resistivity C.-ohm-cm) at 20': 20.65; at lOCC:
2702; at 320°: 54.76; at 330°: 96.74. Vapor pressure at
1000°: 1.77 mm Hg. E' (aq) Pb/Pb2+ +0.126 v. Coeffi-
cient of linear expansion (0-100-) 29 X 10-«, (20-300') 31.3
X 10-6, (—183' to +14") 27 X 10-«; thermal conductivity
varies from 0.083 at 50° to 0.077 at 225°: Francl, Kingery, J.
Am. Ceram. Soc. 37, 80 (1954); viscosity of molten lead
(327.4°) 3.2 centipoises, (400°) 2.32 cp, (6OO°) 1.54 cp, (800°)
1.23 cp. Heat capacity and heat of fusion study: Douglas,
Dever, /. Am. Chem. Soc. 76, 4824 (1954); hardness 1 on
Mobs' scale; Brinell hardness (high purity Pb) 4.0: McLel-
|an, Am. Mineralogist 30, 635 (1945). Reacts with hot coned
nitric acid, with boiling coned hydrochloric or sulfuric acid.
Attacked by pure water, weak organic acids in the presence
of oxygen. Resistant to tap water, hydrofluoric acid, brine,
solvents.

Human Toxicity: Acute: most common in young children
with history of pica; anorexia, vomiting, malaise, convul-
sions due to increased intracranial pressure. May leave
permanent brain damage. Blood lead increased above 0.05
mg %. Chronic: children show weight loss, weakness, ane-
mia. Lead poisoning in adults is usually occupational due
mainly to inhalaton of lead dust or fumes. Wristdrop and
colic rarely occur. More often there are vague G.I. and CNS
complaints. Pb content of blood > 0.05 mg % and of urine
>0.08 mg per liter support a diagnosis of Pb poisoning.
Provocative excretion test using Edathamil may be helpful in
confirming excess Pb absorption. Review of tojucity: Clini-
cal Toxicology of Commercial Products, R. E. Gosselin et al,
Eds. (Williams & Wilkins, Baltimore, 4th ed., 1976) Section
III, pp 194-202; Lead Toxicity, R. L. Singhal, J. A. Thomas,
Eds. (Urban & Schwarzenberg, Baltimore, 1980) 514 pp.

USE: Construction material for tank linings, piping, and
other equipment handling corrosive gases and liqs used in
(he manuf of sulfuric acid, petr refining, halogenation, sul-
fonation, extraction, condensation; for x-ray and atomic
radiation protection; manuf of tetraethyllead, pigments for
faints, and other organic and inorganic lead compds; bear-
ing metal and alloys; storage batteries; in ceramics, plastics,
and electronic devices; in building construction; in solder
and other lead alloys; in the metallurgy of steel and other
metals. Review of uses, corrosion metallurgy: Mullarkey,
Ind. Eng. Chem. 49, 1607 (1957).

5268. Lead Acetate. Neutral lead acetate; normal lead

acetate; sugar of lead; salt of Saturn. C.H4O4Pb; mot wt
325.28. C 14.77%, H 1.86%, Pb 63.70%, O 19.67%. Pb-
(CH3COO)2. Toxicity data: Bradley, Frederick, Ind. Med.
10, Ind. Hyg. Sect. 2, 15 (1941).

Trihydratc, colorless crystals or white granules or powder;
slight acetic odor; slowly effloresces. Poisonous! Takes up
CO2 from air and becomes incompletely sol. d 2.55. mp 75"
when rapidly heated; at a little above 100* it begins to lose
acetic acid; dec completely above 200°. One gram dissolves
in 1.6 ml water, 0.5 ml boiling water, 30 ml alcohol; freely
sol in glycerol. Aq solns of lead acetate dissolve lead mon-
oxide. pH of 5% aq soln at 25' = 5.5-6.5. Keep well closed.
Incompat: Acids, sol sulfates, citrates, tartrates, chlorides,
carbonates, alkalies, tannin, phosphates, resorcinol, salicylic
acid, phenol, chloral hydrate, sulfites, vegetable infusions,
tinctures. LDM i.p. in rats: 200 mg/kg (Bradley, Frederick).

Caution: Avoid breathing dust. This substance may
reasonably be anticipated to be a carcinogen: Fourth Annual
Report on Carcinogens (NTP 85-002, 1985) p 121.

USE: Dyeing and printing cottons; weighting silks; manuf
lead salts, chrome-yellow; also for various analytical proce-
dures, e.g. detection of sulfide, determination of CrO3,
MoOj.

THERAP CAT: Astringent.
THERAP CAT (VET): Astringent and sedative (usually in lo-

tions) for bruises and superficial inflammation. Has been
used internally in diarrheas.

5269. Lead Antimonate(V). Naples yellow. Approx
Pbj(SbO4)2.

Orange-yellow powder. Insol in water, dil acids.
USE: As pigment in oil painting, staining glass, crockery

and porcelain.

5270. Lead Arsenate. Approx PbHAsO4. Occurs in
nature as the mineral schultenite.

White, heavy powder. Poisonous/ d 5.79. At about 280'
loses H2O and is converted into pyroarsenate. Insol in wa-
ter; sol in HNOj, caustic alkalies. LDW in rats, rabbits:
approx 825, 125 mg/kg orally, Voigt et al, J. Am. Pharm.
Assoc. 37, 122 (1948).

USE: As constituent of various insecticides for larvae of
gypsy moth, boll weevil, etc.

THERAP CAT (VET): Has been used as a teniacide; insecti-
cide.

5271. Lead Arsenite. Approx Pb(AsO2)2.
White powder. Poisonous! d 5.85. Insol in water; sol in

dil HNO3.
USE: As insecticide like the arsenate.

5272. Lead Azide. N6Pb; mol wt 291.26. N 28.867°, Pb
71.14%. Pb(Nj)2. Prepd from sodium azide and lead nitrate:
Schenk in Handbook of Preparative Inorganic Chemistry vol.
1, G. Brauer, Ed. (Academic Press, New York, 2nd ed.,
1963) p 763. Most complete description: B. T. Fedoroff et
aL, Encyclopedia of Explosives and Relu^d Items TO!. 1 (Pic-
atinny Arsenal, Dover, N.J., 1961V pp A545-A587.

Needles or white powder. Explodes at 350" or on percus-
sion. Heat of formation (25"): +110.5 kcal/mol. Soly in
water: 0.023% at 18": 0.09% at 70*. Freely sol in acetic acid.
Insol in NH4OH.

USE: As primer in explosives. Generally used in the form
of dextrinated lead azide.

5273. Lead Borate. Approx Pb(BO2)2.H2O.
White powder. Poisonous! Insoluble in water; soluble in

dil HNO3.
USE: Drier for varnishes and paints; with other metals

(e.g., Ag) in galvanoplasty for production of conducting
coatings on glass, pottery, porcelain, and chinaware.

5274. Lead Bromate. Br2O6Pb; mol wt 463.01. Br
34.52%, O 20.73%, Pb 44.75%. Pb(BrOj)2.

Monohydrate, colorless crystals. Poisonous! d 5.53. Dec
at 180*. Slightly sol in cold water, moderately in hot water.

Note: Pure lead bromate is not dangerous, but when made
by pptng lead acetate with an alkali bromate, it may deto-
nate or explode on heating, striking or rubbing because some
acetate is occluded.

Consult the cross index before using this section. Page 851



820 Arsenic
arsino]benzamide; dithioglycolyl p-arsenobenzamide; 4-car-
bamylphenyl bis[carboxymethylthio]arsenite; thioarsenite;
thiacetarsamide; Caparsolate; Caparside, CIIH,2AsNOsS2;
mol wt 377.26. C 35.02%, H 3.21%, As 19.86%, N 3.71%, O
21.21%, S 17.0O%. Prepd by the condensation of p-arseno-
sobenzamide and thioglycolic acid: Gough, King J. Chem.
Sac. 1930, 669; Maren, J. Am. Chem. Soc. 68, 1864 (1946).

As(SCH2COOH)2

White crystalline powder. Sparingly sol in cold water;
appreciably sol in water above 90*. Sparingly sol in cold
mcthanol, ethanol; very sol in these solvents when they are
warm. Insoi in warm isopropyl ether. pKa = 4. The diso-
dium salt is stoichiometrically formed in aq soln at pH 7-8.

THERAP CAT (VET): Anthelmintic for heartworm infection in
dogs, especially the adult worm.

820, Arsenic. Grey arsenic; metallic arsenic; arsen
(German). As; at. wt 74.9216; at. no. 33; valence 3, 5. One
natural isotope: 75; artificial, radioactive isotopes: 68-74;
76-81. Arsenic compds were described and used in antiqui-
ty, their reduction to the element was known to medieval
alchemists, and the first precise directions for the prepn of
As are found in Paracelsus' writings (ca. 1520 A.D.). Arse-
nic occurs probably throughout the universe. Meteorites
contain from O.O005 to 0.1% As. Occurrence in the earth's
crust: 0.0005%. Found to a small extent as the element,
mostly as an arsenide of true metals. Usually produced as
the trioxide when smelting ores for such metals. Reduction
with carbon (sugar charcoal) and sublimation in N2 current
yields very pure As: Krepelka, Coll. Czech. Chem. Cammun.
2, 255 (1930); E. H. Archibald, The Preparation of Pure In-
organic Substances (Wiley, New York, 1932) p 269. Other
methods: Schenk in Handbook of Preparative Inorganic
Chemistry vol. 1, G, Brauer, Ed. (Academic Press, New
York, 2nd ed., 1963) pp 591-593. Reviews: Gmelin's, Arse-
nic (8th ed.) 17, 475 pp (1952); Smith, "Arsenic, Antimony
and Bismuth" in Comprehensive Inorganic Chemistry vol. 2,
J. C. Bailar, Jr. et at., Eds. (Pergamon Press, Oxford, 1973)
pp 547-683. Review of carcinogenicity studies of arsenic
and arsenic compds: IARC Monographs 23, 39-141 (198O).

Gray, shiny, brittle, metallic-looking rhombohedra. Can
be heated to burn in air with bluish flame, giving off an odor
of garlic and dense white fumes of As2O3. Loses its luster on
exposure to air, forming a black modification + As,O3.
Brinell hardness: 147; Mobs' scale: 3.5. d? 5.727. Sub-
Kmes^ff 615* without melting. Vaporization becomes appar-
ent at 100* and is already rapid at 450*. mp 818* at 36 atm.
Heat of vaporization 11.2 kcal/g-atom. Heat of sublimation
30.5 kcal/g-atom. Heat of fusion: 22.4 kcal/g-atom:
Gmelin's, foe. cit pp 135-136. Also reported: heat of fu-
sion: 6.620 kcal/g-atom; heat of sublimation 7.63 kcal/g-
atom: D. R. Stull, G. C. Sinke, Thermodynamic Properties of
the Elements, Advances in Chemistry Series 18 (A.C.S.,
Washington, 1956) pp 11, 44. Specific heat: 0.0822 for 0* to
1OO*. Dielectric constant = 1O.23 at 20* and 6O cycles.
Electrical and magnetic properties of crystalline As: Taylor
et al, J. Phys. Chem. Solids 26, 69 (1965). Insol in water;
not attacked by cold H2SO4 or HO; converted by HNO3 or
hot H2SO, into arsenous or arsenic acid.

A yellow modification which has no metallic properties is
obtained by sudden cooling of As-vapor. This yellow arse-
nic is converted back to the gray modification upon very
short exposure to ultraviolet light.

Note: In German and other languages Arsenik means
arsenic trioxide.

Caution: Most forms of arsenic are toxic. Acute symp-
toms following ingestion relate to irritation of the G.I. tract:
nausea, vomiting, diarrhea which can progress to shock and
death. Chronic poisoning can result in exfoliation and pig-
mentation of skin, herpes, polyneuritis, altered hematopoi-
esis, degeneration of liver and kidneys: Vallee et al,. Arch.

Ind. Health 21, 132 (1960); E. Browning, Toxicity of Ini
trial Metals (Appleton-Century-Crofts, New York, 2nd
1969) pp 36-60. This substance and certain arsenic cc
pounds have been listed as known carcinogens: Foi
Annual Report on Carcinogens (NTP S5-O02, 1985) p

USE: In metallurgy for hardening copper, lead, alloys,
the manufacture of certain types of glass. The artificial i
tope "As as radioactive tracer in toxicology.

821. Arsenic Acid. Ortboarsenic acid. AsH3O4; mot
141.93. As 52.78%, H 2.13%, O 45.09%. H3AsO4. Ex
only as the hcmihydrate. Excessive drying produces As2(
5/3H2O. Conveniently prepd from As2O3 and HNCy,
mon, Thaler, Z, Anorg. Allgem. Chem. 161, 143 (1927); :
19 (1941).

Hemihydrate, hygroscopic crystals. Poisonous! Convei
to As2Oj by heating above 300*. Freely sol in water, alcol
glycerol. LDM i.v. in rabbits: 6 mg/kg, Joachimoglu, i
chem. Z. 70, 144 (1915).

USE: In the manuf of arsenates.
822. Arsenic Disulfide. Arsenic sulfide; red arsenic <

fide; realgar; red orpiment; ruby arsenic; red arsenic gl
C.I. Pigment Yellow 39; C.I. 77085. As4S4; mol wt 427
As 70.03%, S 29,97%. Prepn: Gmelin's, Arsenic (8th •
17, pp 417-422 (1952); Schenk in Handbook of Prepare
Inorganic Chemistry lol 1, G, Brauer, Ed. (Academic Pr
New York, 2nd ed., 1963) p 603.

Deep red, lustrous monoclinic crystals, mp 32O*; bp 5
d 3.5. Ignites at high temp. Practically insol in water; sc
alkali hydroxides; decomposed by HNO3; very slightly so
hot CS2 and benzene.

USE: As pigment in painting; in fireworks as blue fire ;
to give an intense white flame; manuf shot; calico prim
and dyeing; tanning and depilating hides.

823. Arsenic Hemiselenide. As2Se; mol wt 228.78.
65.49%, Se 34.51%. Prepd by melting arsenic and seleni
in the correct proportions in a sealed tube filled with nit
gen: Szarvasy, Ber. 28, 2654 (1895); 30, 1244 (1897); G,
lin's. Arsenic (8th ed.) 17, p 462 (1952).

Black crystals with a metallic luster, Insol in the ut
organic and inorganic solvents. Dec in boil, alkali hydro?
sains; slowly decompd by coned hydrochloric and sulfi
acids,

USE: Manuf of glass.
824. Arsenic Pentafluoride. AsFj, mol wt 169.91,

44.09%, F 55.91%, Prepd from As + F2: Ruff et al.,
Anorg. Allgem. Chem. 206, 59 (1932); Seel, Detmer, /•
301, 113 (1959); Kwasnik in Handbook of Preparative It
ganic Chemistry vol. 1, G. Brauer, Ed. (Academic Pr
New York, 2nd ed., 1963) p 198. Reviews: Burg in Fluoi
Chemistry ?o\. I, J. Simons, Ed. (Academic Press,
York, 1950) p 102; Kemmitt, Sharp, Advan. Fluorine Ch,
4, 208 (1965).

Colorless gas.- Forms white clouds in moist air, d^-* 2
mp —79.8*. bp —53.2*. Instantly hydrolyzed by water,
in alcohol, ether, benzene. Dry AsF, does not attack gl
but a minute trace of moisture or HF catalyzes the etch
reaction to the point of total destruction,

825. Arsenic Pentaselenide. As,Ses; mol wt 544,62,
27.51%, Se 72.49%. Prepd by melting the correct prop
tions of arsenic and selenium in a sealed tube contain
nitrogen: Szarvasy, Ber. 28, 2654 (1895); 30, 1244 (1897),
the action of an arsenic salt on a solution of hydrogen s<
nide: Moser, Atynsky, Monatsh. 45, 235 (1925).

Black, brittle solid with a metallic luster. Poisonous! I
when heated in air. Sol in alkali hydroxides and sulfu
insol in water, dilute acids, coned hydrochloric acid, alco!
ether, carbon disulfide; dec in nitric acid,

826. Arsenic Pcntasulfide. Diarsenic pcntasulfi
/;! mol wt 310.12. As 48.31%, S 51.69%. Prepd fr

H3AsO4 and H2S: Schenk in Handbook of Preparative It
ganic Chemistry vol 1, G, Brauer, Ed. (Academic Press, T
York, 2nd ed., 1963) p 603.

Brownish-yellow, glassy, amorphous, highly refract
mass. Inso! in water; sol in alkalies and alkali sulndes. I
into As2O3> S, and AsjS3 when boiled with water.

USE: In thin sheets as a light filter; in pigments.

Page 126 Consult the cross index be/ore using this section.



Barium 974

>f s 'ate: Hajos, Szporny, Arznei. <
)68).

OH
I

;o la, mp 109-no*.
as lat, Vasculit, Vascunicol, Ro.
Bi tol, Garmian.
vr.
-[2-fpthyl(2-hydroxyethyl)amino].
m< yl-8-(phenylmethyl)-lH-ptt,
'•[, cthyl(2-hydroxyethyl)amino],
zy. '-(W-ethyl-Ar-dS-hydroxyeth.
,e; benzetamophylline; 8102 CB;
),; mol wt 385.47. C 62.32%, H
15' - Prepn: Belg. pat. 602,888
5 5981c(1962). Pharmacology-
1 211 (1962). Metabolism-

l-Forsch. 19, 785 (1969). Toxico.
•t al. ibid. 18, 460 (1968).

C,H•2" 5

,CH2C6H5

Cl P3, AC-3810, BAX 2739Z,
ils np 185-186'. LDW in mice,
i orally; 89, 131 i.p.; 67, 65 i.v.

la .
et l-N-phenyl-N-(phfnylmethyl)-
•n^jianilino-1-methylpiperidine;
no -1 -methylpiperidine; Soventol.

C 81.38%, H 8.63%, N 9.99%.
1. 2,683,714 (1954 to Knoll).

7 ico/. Appl. Pharmacol. 3, 393

CH3

N-

N-CAH,

nethanol, mp US*.
l2Nj, Taumidrint. Crystals

H. -oxy-3-(3,4,5-trihydroxyphen-
e, ,3',4',5'-tetrahydroxyisofla-
286.23. C 62.94%, H 3.52%, O
baptisin. From baptisin by acid
>li ition. From radix Baptisiae:
4 )" (1937). Structure: Bohm,
2 160). Synthesis: Farkas et at,
also Pseudobaptigenin.

jsjeedles from dil ethanol, mp 284-285*. Begins to sublime
t 240". Sublimes in oil pump vacuum at 180-200". uv max

(ethanol): 270.2, 247 nm. Practically insol in water, ammo-
nia water; slightly sol in dil ale, hot glacial acetic acid; sol in
-cetone, in NaOH solns.

Tetraacetylbaptigenin, Cj3H,,OM, needles from methanol,
mP 214".Tetrabenzoylbaptigenin, CatljJOia, prisms from metha-
nol, mp 191-192*.

Tetramethylbaptigenin, CWH,,O4, crystals from methanol,
mp 144-145*.

968. Baptisia. Wild indigo; indigo weed; false indigo;
yellow indigo. From root of Baptisia tinctoria R. Br., Legu-
rtinosae. Habit. North America. Constit. Baptin—a purga-
tive glucoside, baptisin—a bitter glucoside, baptitoxine
(identical with cytisine), an alkaloid.

THERAP CAT: Anti-infective.
969. Barban. (3-CMorophenyl)carbamic acid 4-chloro-

2-butynyl esttr; m-chlorocarbanilic acid 4-chloro-2-butynyl
tster; chloro-2-butynyl m-chlorocarbanilate; 4-chloro-2-
butynyl N-(3 -chlorophenyOcarbamate; barbamate; barbane;
chlorinat; CS-847; Carbyne. C,,H,C12NO2; mol wt 258.11.
C 51.19%, H 3.51%, Cl 27.47%, N 5.43%, O 12.40%. Prepn:
Hopkins et al. J. Org. Chem. 24, 2040 (1959); U.S. pat.
2,906,614 (1959 to Spencer Chem.); Baskakov et aL, Zh.
Obshch. Khim. 33, 46 (1963). Activity as an herbicide:
Hoffmann et aL, Weeds 8, 198 (1960). Metabolism: Gru-
now et al. Food Cosmet. Toxicol 8, 277 (1970). Review:
Abel, Rep. Progr. Appl Chem. 47, 552 (1962).

NHCOOCH2C=CCH2C1

C2«5

Faintly bitter needles (trigonal in the stable phase) from
water, mp 188-192*. Can be sublimed in vacua. Acid to
litmus. K at 25* = 3.7 X 10-*. One gram dissolves in
about 130 ml water, 13 ml boiling water, 14 ml alcohol, 75
ml chloroform, 35 ml ether. Sol in acetone, ethyl acetate,
alkalies, petr ether, acetic acid, amyl alcohol, pyridine, ani-
line, nitrobenzene. LD orally in mice: 600 nig/kg.

Sodium salt, C,HHN2NaO3, barbital sodium, sodium 5,5-
diethylbarbiturate, barbitone sodium, soluble barbital, sodium
diethylmalonylurea, Veronal sodium, Medinal, Embinal.
Bitter crystals or powder. One gram dissolves in 5 ml water,
2.5 ml boiling water, 400 ml ale. Aq soln is alkaline to lit-
mus and phenolphthalein. pH of 0.1 molar aq soln, 9.4.

Caution: May be habit forming. This is a controlled sub-
stance (depressant) listed in the U.S. Code of Federal Regu-
lations, Title 21 Parts 329.1 and 1308.14 (1987).

THERAP CAT: Sedative, hypnotic.
THERAP CAT (VET): Sedative, hypnotic.

973. Barbituric Acid. 2,4,6(lH,3H,SH)-pyrimidinetri-
one; malonylurea; 2,4,6 -trioxohcxahydropyrimidine. C4H4-
N2O3; mol wt 128.O9. C 37.5O%, H 3.15%, N 21.87%, O
37.47%. Prepn from hydurilic acid + nitric acid: Baeyer,
Ann. 127, 199 (1863); ibid. 130, 129 (1864). Structure:
Mulder, Ber. 6, 1233 (1873). Prepd from ethyl malonate and
urea using sodium ethoxide as a condensing agent: Dickey,
Gray, Org. Syn. coll. vol. II, 60 (1943). Crystal structure:
Bolton, Nature 201, 987 (1964). Unsubstituted barbituric
acid has no hypnotic properties. Review: Carter, /. Chem.
Ed. 28, 524 (1951).

Crystals from n-hexane 4- benzene, mp 75-76*. Practical-
ly insol in water (soly at 25* =11 ppm); slightly sol in hex-
ane; readily sol in benzene, ethylene dichloride. Hydrolyzed
by alkali with liberation of the terminal chlorine. Hydrolysis
under acidic conditions gives 3-chloroacrylic acid. LDg,
orally in rats: 600 mg/kg. Bailey, White, Residue Rev. 10,
97 (1965).

USE: Selective herbicide for wild oats. Caution: May
cause skin irritation.

970. Barbasco. Name applied in the Spanish-speaking
countries of the New World to many unrelated plants used
to poison or stun fish. In Mexico it usually means roots of
Dioscorea composite Hemsl., or of Dioscorea tepinapensis
Uline, Dioscoreaceae which yield up to 5% of their dry
weight in diosgenin: Chem. Week 79, no. 2, p 20 (July 14,
1956). Isoln procedure: Julian, UJS. pat. 3,019,220 (1962 to
Julian Labs.). Book: D. G. Coursey, Yams (Longmans,
London, 1967) 230 pp, an account of the nature, origins,
cultivation and utilization of the useful members of the Di-
oscoreaceae. Compare Yam, Mexican.

971. Barberry Bark. Berberis bark; jaundice berry;
woodsour; sowberry; pepperidge bush; sour-spine. Root
bark of Berberis vulgaris L., Berberidaceae. Habit. Europe
and Western Asia; also U.S. (New England States, Penn-
sylvania and Virginia). Constit. Berberine, berbamine,
oxyacanthine, tannin, wax, fat, resin. Ref: Neugebauer,
Brunner, Pharm. Zent. 80, 113 (1939).

972. Barbital. S,S-Diethyl-2,4,6(lH,3H,SH)-pyrimi-
dinelrione; 5,5-diethylbarbiluric acid; barbitone; diethylma-
lonylurea; Veronal; Malonal; Veroletten; Sedeval; Dormo-
nal; Hypnogene; Deba; Vesperal; Uronal. C,HUN2O3; mol
wt 184.19. C 52.16%, H 6.57%, N 15.21%, O 26.08%. Prepd
by the condensation of the diethyl ester of dicthylmalonic
acid with urea in sodium ethoxide soln: Fischer, Dilthey,
Ann. 335, 334 (1904); Ger. pat. 146,496 (1903), Frdl 7, 651,
Chem. Zentr. 1903, II, 1483; Fischer, v. Mering, Therapie
dtr Gegenwart, March 1903; Therapeutische Monatsh. 17, 208
(1903), Chem. Zentr. 1903, I, 1155.

v"r
V"

Dihydrate, rhombs from water, mp about 248* when
anhydrous, with some decompn. Strong acid. K at 25* =
9.9 X 10-*. uv spectrum: Hartley, /. Chem. Soc. 87, 1808
(1905). Difficultly sol in cold water; freely sol in hot water,
in dil acids. Forms salts with metals. LDW orally in male
rats: > 5000 mg/kg, E. I. Goldenthal, Toxico/. Appl. Phar-
macol 18, 185 (1971).

USE: Manuf plastics, pharmaceuticals.
fe 974. Barium. Ba; at. wt 137.33; at. no. 56; valence 2.

An alkaline earth metal. Auundance in earth's crust 0.05%
bywt. Isotopes: 138 (71.66%); 137 (11.32%); 136 (7.81%);
135 (6.59%); 134 (2.42%); 132 (0.097%); 130 (0.101%).
Occurs in barite and witherite. First prepared as a mercury
amalgam by Davy in 1808. Toxicity studies of barium
compds: Syed, Hosain, Toxico/. Appl Pharmacol 22, ISO
(1972). Reviews: Gmelin's Handb. Anorg. Chem., Barium
(8th ed.) 30, (1960); Goodenough, Stenger, "Magnesium,
Calcium, Strontium, Barium and Radium" in Comprehensive
Inorganic Chemistry Vol. 1, J. C. Bailar, Jr. et aL, Eds. (Per-
gamon Press, Oxford, 1973) pp 591-664; C. J. Kunesh in
Kirk-Othmer Encyclopedia of Chemical Technology vol. 3
(Wiley-Interscience, New York, 3rd ed., 1978) pp 457-463.

Yellowish-white, slightly lustrous lumps; body-centered
cubic structure; somewhat malleable; very easily oxidizable;
must be kept under petroleum or other oxygen-free liquid to
exclude air. d 3.6. mp approx 710*. bp approx 1600*. E°
(aq) Ba2+/Ba —2.91 V. Description of reactions which are
characteristic of alkaline earth metals see Calcium. Solns of
sol barium salts give a white ppt with HjSO4 or sol sulfates;
they also color nonluminous flame green.

USE: Carrier for radium. The ft- and -y-radiation emitted
by '̂ Ba + ""La makes a large contribution to the activity
of the fission products of uranium rods during the first few
weeks after their withdrawal from the reactor. Alloys of Ba
with Al or Mg are used as getters in electronic tubes. The

Consult the cross index before using this section. Page 153



975 Barium Acetate
emissions from I33Ba and 137«Ba are used as standards in
•y-spectrometry: Haissinsky, Adloff, Radiochemical Survey
of the Elements (Elsevier, 1965) pp 12-14. Caution: Al!
water or acid soluble barium compounds are poisonous!

975. Barium Acetate. C4HjBaO4; mo! wt 255.45, C
18.81%, H 2.37%, Ba 53.77%, O 25.05%. Ba(C2H3O2)2.
Prepn: Gmelin's, Barium (8th ed.) 30, 315 (1932) and sup-
plement, 478 (1960).

Monohydrate. Poisonous! d 2.19. Loses its H2O of hy-
dration at 110*. One gram dissolves in 1.5 ml cold or boiling
water, in 700 ml ale. The aq soln is neutral or slightly acid
to litmus. LDw in ICR mice: 23.31 mg BaJ+/kg i.v., Syed,
Hosain, Toxicol. Appl. PharmacoL 22, ISO (1972).

USE: Mordant for printing fabrics; in lubricating oil and
grease; as catalyst for organic reactions.

976. Barium Benzenesulfonate. Benzenesul/onic acid
barium salt. C12HIOBaO4Sj; mol wt 451.70. C 31.91%, H
2.23%, Ba 3O.4l%, O 21.25%, S 14.20%. Prepn: Freund,
Ana. 120, 76 (1861).

Monohydrate, white, nacreous leaflets. Poisonous! Freely
sol in water; slightly sol in ale.

USE: Lubricating oil additives.

977. Barium Bromate. BaBr2O4; mol wt 393.19. Ba
34.93%, Br 40.65%, O 24.42%. BaOBrOpj. Prepd from
potassium bromate and barium chloride: Pearce, Russell,
Inorg. Syn. 2, 20 (1946).

Monohydrate, monoclinic crystals from hot water. Poi-
sonous! May develop slight odor of bromine on long stand -
ing. d 3.99. Dec. at 260". Sol in water (g/100 ml): 0.44
(ID1); 0.96 (SO1); 5.39 (100*). Sol in acetone. Practically insol
in ale, most other organic solvents.

USE: In the prepn of rare earth bromates; as corrosion
inhibitor for low-C steel.

978. Barium Bromide. BaBr,; mol wt 297.19. Ba
46.22%, Br 53.78%. Prepn: Gmelin's, Barium (8th ed.) 30,
223 (1932) and supplement 380-381 (1960).

Dihydrate, crystals or granules; loses 1H2O at 75° and all
the H2O at 120°. Poisonous! mp about 850* when anhydr.
Very sol in water; sol in methanol; almost insoi in ethanol,
ethyl acetate, acetone, dioxane.

USE: In the manuf of other bromides; in the prepn of
phosphors.

979. Barium Carbonate. CBaOy mol wt 197.37. C
6.O9%, Ba 69.58%, O 24.32%. BaCO3. Occurs in nature as
th<* mineral witherite. Prepn: Gmelin's, Barium (8th ed) 3O,
3O1-3O3 (1932) and supplement, 186-188, 461-466 (I960).
The barium carbonate of commerce is made by precipitation
and is 98-99% pure. Manuf: Faith, Keyes & Clark's Indus-
trial Chemicals. F. A. Lowenheim, M. K. Moran, Eds.
(Wiley-Interscience, New York, 4th ed., 1975) pp 121-125.

White, heavy powder. Poisonous! d (witherite) 4.2865.
At about 1300* dec into BaO and CO2. Almost insol in
water, 0.024 g in a liter; slightly sol (1:1000) in CO2-water;
sol in dil HC1, HNO3 or acetic acid; also sol in soln NH4C1
or NH4NO3. LDjg orally in rats: 800 mg/kg.

Human Toxicity: Acute: excessive salivation, vomiting,
colic, violent diarrhea, convulsive tremors, increased Wood
pressure, hemorrhages in G.I. tract and kidneys, muscular
paralysis.

USE: Rat poison; in ceramics, paints, enamels, marble
substitutes, rubber; manuf of paper, barium salts, electrodes,
optical glasses; as an analytical reagent.

980. Barium Chlorate. BaC!2O4; mol wt 304.27. Ba
45.147., Cl 23.31%, O 31.55%. BatelO^j. Prepn: Vanino,
Handb. Prop. Chem., Anorgan. Teil (2.Aufl., Stuttgart, 1925)
p 297; Schmeisser in Handbook of Preparative Inorganic
Chemistry, Vol. 1, G. Brauer, Ed. (Academic Press, New
York, 2nd ed., 1963) p 314. Large-scale process: Munroe,
Chem. Met Eng. 23, 188 (1920). Also prepd by electrolysis
of barium chloride.

Monohydrate, monoclinic prismatic crystals. Poisonous!
d 3.179. Loses its water of hydration at 120*, begins to give
off oxygen at 25O% mp 414*. Freely sol in water; sol in hy-
drochloric acid; moderately sol in ethylamine; very sparingly
sol in ale, somewhat more in acetone. Practically insoi in

ethyl acetate, pyridine. Fire hazard when in contact
combustible material.

USE: In pyrotechnics (green fire); manuf of explosives
matches; mordant in dyeing.

981. Barium Chloride. Bad,; mol wt 208.27.
65.95%, Cl 34.05%. Prepn: Gmelin's. Barium (8th cd)
171-175 (1932) and supplement, 179-181, 324-325 (19
Toxicity studies: I. B. Syed, F. Hosain, Toxtcoi. Appl. PI
macol. 22, 150 (1972). Induction of arrhythmia in e_
animais: F. W. Eichbaum, Basic Res. Cardiol 68, 73 (19

Dihydrate, crystals or granules or powder; bitter s.
taste, d 3,86; mp 963, Poisonous! Very sol in water; so
methanol. Practically insol in ethanol, acetone, ethyl i
tate. LDM in ICR mice (mg Baz+ /kg): 19.2 i.v, (S;
Hosain).

USE: Manuf pigments, color lakes, glass, mordant for i
dyes; weighting and dyeing textile fabrics; in Al refining
pesticide; boiler compds for softening water; tanning
finishing leather.

THERAP CAT (VET): Formerly used as purgative in hor
ruminatoric in cattle.

982. Barium Chromate(VI). C.I. 77103; C,I. Pign
Yellow 31; Baryta yellow; lemon yellow; permanent yell
SteinbUhl yellow; ultramarine yellow. BaCrO4; mol
253.37. Ba 54.21%, Cr 20.53%, O 25,26%. Prepn: Be
Rieman, J. Am. Chem. Soc. 65, 971 (1943); Colour Index
4 (3rd ed., 1971) p 4656.

Yellow, heavy, monoclinic, orthorhombic crystals. ,
sonous! d 4.5O, Practically insol in water, dil acetic or cl
mic acids; dissolved or dec by mineral acids.

USE: As a pigment almost entirely in anticorrosion jo
ing pastes to prevent electro-chemical corrosion at juncti
of dissimilar metals; some use in artists' colors and in co
ing glass, ceramics, porcelain. Also used in metal prim
pyrotechnic compositions,

983. Barium Cyanide. CjBaNjj mol wt 189.40.
12.68%, Ba 72.52%, N 14.79%. Ba(CN)2. Prepn: Brit.
602,393 (1948 to I.C.I.); Gmelin's, Barium (8th ed.) 30,
(1932) and supplement 483 (I960).

Crystals; slowly dec in air. Very poisonous! Very so
water; sol in alcohol.

USE: In electroplating processes; in metallurgy.

984. Barium Ditbionate. Barium "hyposulfate".
O,S2; mol wt 297.48. Ba 46.177», O 32.27%, S 21.5
BaSjO,. Prepn: Pfanstiel, Inorg. Syn. 2, 170 (1946).

Dihydrate, crystals. Poisonous/ d 4.54. Loses SO2
heating above 150" forming BaSO4, Sol in 4 parts ws
more sol in hot water; slightly sol in alcohol.

985. Barium Ferrocyanide. Barium hexacyanoferr
(«). C4Ba2FeNp mol wt 486.68. C 14,81%, Ba S6.4S7«,
11.48%, N I7.277o. BajFeWN^. Prepn: Grat-Cabai
Bull Soc. Chim. France 1956, 1743.

Hexahydrate, yellowish rectangular monoclinic cry si
loses most of water at 40* becoming colorless. Dec at
evolving HCN. Almost insol in water, alcohol.

986. Barium Fluoride. BaF2; mol wt 175.36.
78.33%, F 21.67%. Prepd by dissolving BaCO3 in ex
HF, evaporating to dryness, and heating to red heat:
Olbrich, Thesis (Technische Hochschule, Breslau, 1929),
Kwasnik in Handbook of Preparative Inorganic Chemi
Tol. 1, G. Brauer, Ed., (Academic Press, New York, 2nd
1963) p 234.

Transparent cubic crystals (fluorite lattice). Poisonous
4.83. mp 1353. bp 2260, Soly in water (g/1): 1.586 (I
1,607 (20*); 1.620 (30*). Also sol in hydrochloric, ni>
hydrofluoric acids and in aq solns of ammonium chlor
May be stored in glass bottles.

USE: As a flux and opacifier in vitreous enamels; in
manuf of carbon brushes for D.C. motors and generator;
heat-treating metals; in embalming; in glass manuf.

987. Barium Formate. C,H2BaO4; mol wt 227.40.
10.56%, H 0.89%, Ba 6O.40%, O 28.14%. Ba(HCO
Prepn: Gmelin's, Barium (8th ed) 30, 311 (1932), and s
plement, 477 (1960).
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INTRODUCTION

Entries in this book include basic chemicals, pesticides, dyes, detergents, lubricants,
plastics, drugs, food additives, preservatives, ores, soaps, extracts from plant and animal
sources, and industrial intermediates and waste products from production processes.
Some of the information refers to materials whose composition is not precisely known.
The chemical materials included are assumed to exhibit the reported toxic effect in
their pure state unless otherwise noted. However, even in the case of a supposedly
"pure" material, there is usually some degree of uncertainty as to its exact composition
and the impurities which may be present. This possibility must be considered in attempting
to interpret the data presented since the toxic effects observed could in some cases
have been caused by a contaminant.

Excluded from our list are tradename products representing compounded or formu-
lated proprietary mixtures available as commercial products. These exclusions are neces-
sary because of difficulties in assessing the contribution of each component of a mixture
to that material's total toxicity and because a product's formulation is often changed
by varying the components, their concentration, or their purity. Commercial product
tradenames as synonyms are included, particularly when they represent a single active
chemical entity or a well-defined mixture of relatively constant composition. Radioactive
materials are included but the effects reported are the chemically produced effects rather
than the radiation effect.

For each material described the following data are provided when available: the
material name, Hazard Rating (HR:), CAS number, RTECS number, molecular formula,
molecular weight, selected properties including a description of the material (where
necessary), synonyms, the U.S. Occupational Safety and Health Administration's
(OSHA) air standards, the American Conference of Governmental Industrial Hygienists'
(ACGIH) Threshold Limit Values, the German Research Society's (MAK) values, U.S.
Department of Transportation (DOT) classifications, and the Toxic and Hazard Review
(THR). Each data type is described below.

1. Name The name of each material is selected to facilitate recognition of the material. In
many cases no single name will be recognized by a majority of readers. Extensive cross-indexing
by synonyms is provided to aid in locating an entry.

2. HR: is the hazard rating assigned to the material on a scale of 1 to 3 that briefly identifies
the level of the toxicity as follows:

The number "3" indicates an LD50 below 400 mg/kg.
The number "2" indicates an LDSO of 400-4,000 mg/kg.
The number "1" indicates an LDSO of 4,000-40,000 mg/kg.

3. CAS: is the American Chemical Society's Chemical Abstracts Service Registry Number. It
is a numeric designation assigned by the Chemical Abstracts Service and uniquely identifies a
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ACID
3
1C

HR:3
NIOSH: CF 7875000

mw: 217.06

les from aq solns; mp: 232°; bp:
2O @ 15°. Very sol in hot water,
e1 ;r and benzene.

185 ARSENIC ACID (SOLUTION)

iBANE * MOUNTAIN TOBACCO

1 inhalation and ingestion. A
ar._ and allergen. It can cause gas-
£rvous disturbances, and collapse.
cc 'act dermatitis. Combustible
d heat or flame. Incompatible
g materials.

f HNES HR:3
h ontain one or more rings of
>r cyclic HC, such as benzene,
'a" number of such amines. The
ty ue to the characteristic odor.
e momatic amines are recognized
lie to the human bladder, ureter,
vi and carcinogenic to the intes-
ve and prostate. See also amines.

SPIRITS OF AMMONIA
le liquid, suffocating odor of am-
x>»ition: 10% by weight of NH3

a nmonia. A dangerous fire haz-
ik ^hol content. Moderately explo-
aated, emits toxic fumes of ammo-
ti! '•? with oxidizing materials.

;: p-AMINOBENZENEARSONIC ACID
" 4.AMINOBENZENEARSONIC ACID * AMINO-
LEMYLARSINE ACID * P-AMINOPHENYLARSINE

ao * p-AMINOPHENYLARSINIC ACID
A P.AMINOPHENYLARSONIC ACID * 4-AMiNO-
puPNYLARSONIC ACID * P-ANILINEARSONIC
gD * ANTOXYLIC ACID * P-ARSANILIC ACID

, 4-ARSANILIC ACID * ATOXYLIC ACID

OSHA PEL: TWA 500 ug(As)/m3

Tj-jR: Poison by ingestion, intravenous, and in-
naperitoneal routes. See also arsenic compounds
Ujd aniline. A human carcinogen. Flammable,
decomposes with heat to yield flammable va-
pors. When heated to decomposition it or contact
*ith acid or acid fumes emits highly toxic fumes
of As and NO*.

ARSANILIC ACID, MONOSODIUM
SALT HR: 3
CAS: 127-85-5 NIOSH: CF 9625000
mf: C6H7AsNO3 • Na mw: 239.05
PROP: Tetra hydrate; white odorless cryst pow-
der, faint salty taste. Sol in water, somewhat
sol in ale.
SYNS: NCI-C61176 * (4-AMINOPHENYL)AR-
SONIC ACID SODIUM SALT * ANHYDROUS SO-
DIUM ARSANILATE * ARSANILIC ACID SODIUM
SALT * ATOXYL * SODIUM AMINARSONATE
* SODIUM-P-AMINOBENZENEARSONATE
* SODIUM AMINOPHENOL ARSONATE * SO-
DIUM-P-AMINOPHENYLARSONATE * SODIUM-AN-
ILINE ARSONATE * SODIUM ANILARSONATE
* SODIUM ARSANILATE * SODtUM-P-ARSANI-
LATE * SOD'UM ARSONILATE

OSHA PEL: TWA 500 ug(AS)/m3

THR: Poison by subcutaneous route. Can cause
blindness. When heated to decomposition it
emits very toxic fumes of As and NO^.

HR:3
NIOSH: CO 0525000

fARSENIC
CAS: 7440-38-2
DOT: 1558
mf: As mw: 74.92
PROP: Silvery to black, brittle, crystalline and
amorphous metalloid, mp: 814° @ 36 atm, bp:
subl @ 612°, d: black crystals 5.724 @ 14°;
black amorphous 4.7, vap press: 1 mm @ 372°
(sublimes). Insol in water; sol in HNO3. See
also arsenic vapor.
SYNS: ARSENICALS * ARSENIC-75 * AR-

SENIC BLACK * ARSEN (GERMAN, POLISH)
* COLLOIDAL ARSENIC * GREY ARSENIC
* METALLIC ARSENIC

OSHA PEL: TWA 500 ug/m3

ACGiH TLV: TWA 0.2 mg/m3

TRK: 0.2 mg/m3 calculated as As in that portion
of dust that can possibly be inhaled.

DOT Classification: Label: Poison
THR: Poison by subcutaneous, intramuscular,
and intraperitoneal routes. Systemic, skin, and
gastrointestinal effects. A human carcinogen.
An experimental teratogen. Mutagenic data.
Flammable in the form of dust when exposed
to heat or flame or by chemical reaction with
powerful oxidizers such as bromates; chlorates;
iodates; peroxides; lithium; NC13; KNO3;
KMnO4; Rb2C2; AgNO3; NOC1; IF5; CrO3;
CIF3; CIO; BrF3; BrF5; BrN3; RbCssCH;
CsCs=CH. Slightly explosive in the form of
dust when exposed to flame. When heated or
on contact with acid or acid fumes, emits highly
toxic fumes; can react vigorously on contact
with oxidizing materials. Incompatible with bro-
mine azide; dirubidium acetylide; halogens; pal-
ladium; zinc; platinum; NCI3; AgNO3; CrO3;
Na2O2; hexafluoro isopropylideneamirio lith-
ium. For further information, see Vol. 4, No.
1 of DPIM Report.

m-ARSENIC ACID HR: 3
CAS: 10102-53-1 NiOSH: CG 0760000
mf: AsHO3 mw: 123.93
SYN: METAARSENIC ACID

THR: See also arsenic compounds. When heated
to decomposition it emits toxic fumes of As.

o-ARSENIC ACID HR: 3
CAS: 7778-39-4 NIOSH: CG 7000000
mf: AsH3O4 mw: 141.95
SYNS: ACIDE ARSENIQUE LIQUIDE (FRENCH)
* ORTHOARSENIC ACID

OSHA PEL: TWA 500 ug(As)/m3

THR: Poison by ingestion. See also arsenic com-
pounds. When heated to decomposition it emits
toxic fumes of As. For further information, see
Vol. 2, No. 3 (as Arsenic Acid) in DPIM Report.

ARSENIC ACID (SOLUTION) HR: 3
CAS: 7778-39-4 NIOSH: CG 0765000



r
BIS(HYDROXY METHYL)FURATRI2JNE 244 1
* BIS(2-HYDROXYETHYL)LAURAMIDE * N,N-
BIS(2-HYDROXYETHYL)LAURAMIDE * COCONUT
OIL AMIDE OF DIETHANOLAMINE * DIETHANOL-
LAURAMIDE * N,N-DIETHANOLLAURAMIDE
* N,N-DIETHANOLLAURIC ACID AMIDE
* LAURIC ACID DIETHANOLAMIDE * LAUROYL
DIETHANOLAMIDE * LAURYL DIETHANOLAMIDE
* NCI-C55323

THR: Suspected experimental carcinogen. Mod-
erately toxic by ingestion. When heated to de-
composition, it emits toxic fumes of NOX.

BIS(HYDROXY METHYLJFURATRIA-
ZINE HR: 3
GAS: 794-93-4 NIOSH: PC 3200000
mf: CnHnNjOj mw: 293.27
SYNS: 3-BIS(HYDROXYMETHYL)AMINO-6-(5-NI-
TRO-2-FURYLETHENYL)-1,2,4-TRIAZINE
* N-(6-(5-NITROFURFURYLIDENEMETHYL)-
1,2,4-TRIAZIN-3-YL)lMINODIMETHANOL
* ((6-(2-(5-NITRO-2-FURYL)VINYL)-AS-TRIA-
ZIN-3-YL)lMINO)DIMETHANOL * 3-Dl(HY-
DROXYMETHYL)AMINO-6-(5-NITRO-2-FURYL-
ETHENYL)-! ,2,4-TRiAZiNE
THR: An experimental carcinogen. When
heated to decomposition, it emits toxic fumes
of NOX.

BIS(ISOOCTYL OXYCARBONYL
METHYL THIO)DIOCTYL STAN-
NANE HR: 3
CAS: 26401-97-8 NIOSH: WH 6723000
mf: C36H72O4S2Sn mw: 751.89
SYNS: DHSOOCTYL ((DIOCTYLSTANNYLENE)-
DITHIO)DIACETATE * DIOCTYLTIN BIS(ISOOCTYL
MERCAFTOACETATE) * DIOCTYLTIN-S,S'-BIS-
(ISOOCTYL MERCAPTOACETATE) * DIOCTYLTIN
BIS(ISOOCTYL THIOGLYCOLATE) * DI-N-OCTYL-
TIN DIISOOCTYL THIOGLYCOLATE * DI-N-OC-
TYL-ZINN-DI-ISOOCTYLTHIOGLYKOLAT (GERMAN)
OSHA PEL: TWA 100 ug(Sn)/m3 (skin)
THR: Moderately toxic via oral route. See also
tin compounds. When heated to decomposition,
it emits toxic fumes of SOX.

1,3-BISMALEIMIDO BENZENE HR: 3
CAS: 3006-93-7 NIOSH: ON 6125000
mf: C14H8N2O4 mw: 268.24
SYNS: 1,3-DIMALEIMIDOBENZENE * N,N'-
(M-PHENYLENE)BISMALEIMIDE * N,N'-(M-
PHENYLENEDIMALEIMIDE)

THR: Poison by ingestion and intraperitoneal
route. When heated to decomposition, it emits
toxic fumes of NOX.

BIS(METHANE SULFONYL)-D-MANNI-
TOL HR: 3
CAS: 1187-00-4 NIOSH: OP 2975000
mf: C8Hi8O10S2 mw: 338.38
SYNS: 1 ,6-BIS-O-METHYLSULFONYL-d-MANNI-
TOL * 1 ,6-DIMESYL-d-MANNTTOL * 1,6-DI-
METHANESULFONATE-d-MANNITOL * 1 ,6-DI-
METHANE-SULFONOXY-d-MANNITOL * 1 ,6-
DIMETHANESULPHONOXY-1 ,6-DIDEOXY-d-
MANNITOL * D-MANNITOL BUSULFAN
* MANNITOL MYLERAN * NSC-37538

THR: Poison by intravenous route. Moderate
intraperitoneal toxicity. Mutagenic data. An ex-
perimental neoplastigen. When heated to de-
composition, it emits toxic fumes of SOX.

N,N -BISMORPHOLINE DISUL-
FIDE HR: 3
CAS: 103-34-4 NIOSH: QE 3325000
mf: C8HN2O2S mw: 236.38
PROP: Tan to gray powder; mp: 122° min; d:
1.36 @ 25°.
SYNS: BISMORPHOLINO DISULFIDE * DIMOR-
PHOLINE DISULFIDE * DIMORPHOLINO DISULFIDE
* DITHIOBISMORPHOHNE * 4,4'-DITHIOBIS-
(MORPHOLINE) * N,N-DITHIODIMORPHOLINE
* 4,4'-DrTHIODIMORPHOLINE * 4,4'-DITHIO-
MORPHOLINE * MORPHOLINODISULFIDE
* MORPHOLINE DISULFIDE * USAF B-17

** USAF EK-T-6645

THR: Poison by intraperitoneal and intravenous
routes. Moderate oral toxicity. See also morpho-
line. When heated to decomposition it emits
very toxic fumes of NOX and SOX.

HR:3
NIOSH: EB 2600000

tBISMUTH
CAS: 7440-69-9
Af: Bi Aw: 208.98
PROP: Hexagonal silver-white or reddish me-
tallic crystals; mp: 271.3°, bp: 1420°-1560°, d:
9.80, vap press: 1 mm @ 1021°.
SYN: BisMUTH-209
THR: Poisonous to man. See also bismuth com-
pounds. Flammable when exposed to flame and
by chemical reaction with [Bi(OH)3 +
A1(OH)3]; coprecipitated and H2 reduced yields
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TE- -MANNITOL * 1,6-DI-
•X l-MANNUOL * 1,6-
NOXY-1,6-DIDEOXY-d-
lA^TTOL BUSULFAN
ER * * Nsc-37538

intravenous route. Moderate
icitv. Mutagenic data. An ex-
si en. When heated to de-
ii toxic fumes of SOX.

•iC'JNE DISUL-
HR:3

NIOSH: QE 3325000
mw: 236.38

a> owder; mp: 122° min; d:

JUNO DISULFIDE * DIMOR-
:, DIMORPHOLINO DISULFIDE
•V. ME * 4,4'-D!THIOBIS-
N,N-DITHIODIMORPHOLINE '

O -HOLINE * 4,4'-DITHK>-
K 'HOLINODISULFIDE
SbLFIDB * USAF B-17
5 .

it Deritoneal and intravenous
M'-. toxicity. See also morpho-
:d to decomposition it emits
o' NOX and SOX.

HR:3
NiOSH: EB 2600000

0 J8
il silver-white or reddish me-
.: 271.3°, bp: 1420°-1560°, d:
I m @ 1021°.
»9
o man. See also bismuth com-
»lt tfhen exposed to flame and
ia ion with [Bi(OH)3 +
ipitated and H2 reduced yields

uontaneously flammable product. Moderately
Vlgerous; can react with acid or acid fumes

emit toxic fumes. Incompatible with Al; BrF3;
Sds; NOF; NH4NO3; HCIO3; C12; IF5; HNO3;
HClO-t- ^or mrtner information see Vol. 3, No.
* of DPIM Report.
BISMUTH ARSPHENAMINE SULFO-
HATE HR: 3
££3: 12001-47-7 NIOSH: EB 2625000
wf: C2iH24As3Bi2N30,2S3 • 3Na mw:
1318.35
SYNS: BISMARSEN * SULFARSPHENAMINE BIS-

MUTH

fHR-' A poison via intraperitoneal, intramuscu-
lar joules. See also arsenic compounds and bis-
muth compounds. When heated to decomposi-
tion it emits very toxic fumes of Na2O, NOX,
SO,, As and Bt.
BISMUTH COMPOUNDS HR: 3
THR: Bi and its salts can cause kidney damage,
although the degree of such damage is usually
mild. Large doses can be fatal. Industrially it
is considered one of the less toxic of the heavy
metals, although intoxication has occurred from
its use in medicine. The similarity between the
pharmacologic and toxic behaviors of lead and
Bi has been pointed out in the literature. Like
lead, Bi may be liberated from tissue deposits
during periods of acidosis. Serious and some-
times fatal poisoning may occur from the injec-
tion of large doses into closed cavities and from
extensive application to burns. Death of animals
from Bi nephritis following injections of soluble
salts occurs within several hours to 24 days,
the time being generally inversely proportional
to die disc, and it appears to be in the order
of 5-10 times higher than the dose by slow
intravenous injection for rabbits. It is stated that
die administration of Bi should be stopped when
gingivitis appears, for otherwise serious ulcer-
ative stomatitis is likely to result. Other toxic
results may develop, such as malaise, albumin-
uria, diarrhea, skin reactions and sometimes seri-
ous exodermatitis. Industrial Bi poisoning has
not been reported, although Bi absorbed in in-
dustrial cases may complicate a diagnosis of
plumbism, since the dark line in the gums, which
if often present in lead poisoning, is also pro-
duced by bismuth. All Bi compounds do not
have equal toxicity. See also individual entries.

Treatment and Antidotes: Personnel show-
ing some of the symptoms noted above which

might indicate that they were absorbing too
much Bi into the body should be removed from
exposure as soon as possible. Get medical ad-
vice. Personnel should be cautioned against
careless handling of these materials.

BISMUTH DIMETHYL DITHIOCARBA-
MATE HR: 3
CAS: 21260-46-8 NIOSH: EB 3400000
mf: CgH!8N3S6• Bi mw: 569.64
SYNS: BISMATE * TRIS(DIMETHYLDITHIO-
CARBAMATO)BISMUTH
THR: An experimental tumorigen. See also bis-
muth compounds and thiocarbamic acid. When
heated to decomposition, it emits very toxic
fumes of SOX and NOX.

BISMUTH NITRATE HR: 3
CAS: 10361-44-1 NIOSH: EB 2984400
mf: BiN3O9 mw: 395.01
PROP: Triclinic, colorless, slightly hygroscopic
crystals, bp: -5H2O @ 80°, d: 2.83, mp: 30°
(decomp).
SYN: NITRIC ACID, BISMUTH(3 + ) SALT

THR: An intravenous poison. Moderate intra-
peritoneal toxicity. See also Bi compounds and
nitrates.

BISMUTH PENTAFLUORIDE HR: 3
mf: BiF5 mw: 303.98
PROP: Crystals. Sublimes @ 550°.
THR: An irritant poison via oral and inhalation
routes. Decomposes readily on contact with
moisture to yield O3 and bismuth triffuoride.
See fluorides and ozone. V?-y dangerous. When
heated to decomposition it emits highly toxic
fumes of F~. Incompatible with water and petro-
latum @ > 50°; moisture; acids. Reacts vio-
lently liberating much heat and ozone.

BISMUTH SODIUM THIOGLYCOL-
LATE HR: 3
CAS: 150-49-2 NiOSH: EB 2984000
mf: C6H6BiNa3O6S3 mw: 548.25
SYNS: SODIUM BISMUTH THIOGLYCOLATE
* SODIUM BISMUTH THIOGLYCOLLATE
* THIOBISMOL

THR: A poison via intraperitoneal, intravenous,
and intramuscular routes. A systemic toxicant
in children. See also Bi compounds. When



MOCA 648

MOCA
CAS: 101-14-4
mf: C,3HI2C12N2

HR:3
NIOSH: CY 1050000

mw:267.17

I;

SYNS: Dl(-4-AMINO-3-CHLOROPHENYL)METHANE
* DI-(4-AMINO-3-CLOROFENIL)METANO (ITAL-
IAN) * 4,4'-DIAMINO-3,3'-DICHLORODIPHENYL-
METHANE * 3,3'-DICHLOR-4,4'-DIAMINODIPHE-
NYLMETHAN (GERMAN) * 3,3'-DICHLORO-4,
4'-DIAMINODIPHENYLMETHANE * 3,3'-DlCLO-
RO-4,4'-DIAMINODIFENILMETANO(lTALIAN)
* 4,4'-METHYLENE(BIS)-CHLOROANILINE
* METHYLENE 4,4'-BIS (O-CHLOROANILINE)
* P,P'-METHYLENEBIS(ALPHA-;CHLOROANIUNE)
* 4,4'-METHYLENEBIS(O-CHLOROANILINE)
* P,P'-METHYLENEBIS(O-CHLOROANILINE)
* 4,4'-METHYLENEBIS(2-CHLOROANILINE)
* 4,4'-METHYLENEBIS-2-CHLOROBENZENAMINE
* 4,4-METILENE-BIS-O-CLOROANILINA (ITALIAN)
THR: An experimental carcinogen. Mutagenic
data. When heated to decomposition it emits
very toxic fumes of Cl~ and NO^. For further
information see Vol. 5, No. 2 ofDPIM Report.

HR:3
NIOSH: QA 4680000

MOLYBDENUM
CAS: 7439-98-7
af: Mo aw: 95.94
PROP: Cubic, silver-white metallic crystals or
gray-black powder; mp: 2622°; bp: approx
4825°; d: 10.2; vap press: 1 mm @ 3102°.
ACGIH TLV: TWA (soluble compounds) 5 mg/

m3; (insoluble compounds) 10 mg/m3

DFG MAK: (insoluble compounds) 15 mg/m3;
(soluble compounds) 5 mg/m3

THR: Poison by intraperitoneal and intratracheal
routes. See also molybdenum compounds.
Flammable in the form of dust; when exposed
to heat or flame, violent reaction with BrF3;
C1F3; F2; PbO2. See also iron dust. A mild explo-
sive in the form of dust, when exposed to flame.
See also powdered metals. Incompatible with
oxidants.

MOLYBDENUM COMPOUNDS HR: 3
THR: Poison by subcutaneous and intraperito-
neal routes. Molybdenum and its compounds
are highly toxic based upon animal experiments.
But in spite of their considerable use in industry,
human industrial poisoning by molybdenum in-
halation has yet to be reported. It is suggested
that suitable precautions should be taken against
human inhalation of significant amounts of the

more soluble molybdenum compounds,
denum is rapidly excreted by the body,
studies have shown that molybdenum ha;
tance as a trace element in the normal
and development of certain forms
It is found also in animal tissue, althoueh 1
precise function is unknown. It is a com '
air contaminant. ^ i

MOLYBDENUM PENTA-
CHLORIDE
CAS: 10241-05-1 NIOSH: QA 46%J^I1
mf:C!5Mo mw:273.19 ^***
PROP: Green-black solid, dark-red as
or vapor; hygroscopic, reacting with watcrl_
air, sol in dry ether, dry ale and other anhydnjZl
organic solvents; mp: 194°; bp: 268°; d- 2 »I
DOT Classification: ORM-B, Label: None
THR: Poison. See also HC1 and molyb
compounds. Dangerous. See also chloride "

MOLYBDENUM TRIOXIDE HR- il
CAS: 1313-27-5 NIOSH: QA 472
mf: MoO3 mw: 143.94
PROP: White or yellow to sltly bluish pow
or granules; sol in 1000 parts water (low solu
ity in H2O), in cone mineral acids and solutic
of alkali hydroxides, ammonia or potassium I
tartrate which solidifies to a yellowish-w
mass and sublimes at higher temp; mp:
bp: 1155°; d: 4.696 @ 26°/4°
SYNS: MOLYBDIC ANHYDRIDE * MOLYBtHC
TRIOXIDE

OSHA PEL: TWA 5 mg(Mo)/m3

THR: Poison by ingestion, inhalation, sub
neous, and intraperitoneal routes. An exp
mental neoplastigen. Human pulmonary effe
A powerful irritant. See also molybdenum. Vjg
lent reaction with C1F3; Li; Mg; K; Na. to
patible with interhalogens; metals.

MONOCHLORODIFLUORO-
METHANE HR:1
CAS: 75-45-6 NIOSH: PA 639
mf: CHC1F2 mw: 86.47
PROP: Gas; d: 3.87 air @ 0°; mp: -H
bp: -40.8°; autoign temp: 1170°F.
SYNS: CHLORODIFLUOROMETHANE * DIR.U
ROCHLOROMETHANE * DIFLUOROMONOCHL
METHANE * FLUOROCARBON-22 * FREON



JS >OTASSIUM
~
5-99-7 NfOSH: TP
<2 mw: 415.09
>y ;d. Sol in water, mp: decomn
3.499 @ 24°. mp

\S JM CHLOROPLATINITE * pQ.
iT 3CHLORIDE * POTASSIUM
.OPLATINATE (ll)

n *•> humans by ingestion. Poison
01 jl route. Mutagenic data. Severe
irmant by intraduodenal route. See
-n compounds. When heated to de-
i" :mits toxic fumes of Cl~.

HR:3
NIOSH: TP 2160000

I
06-4
v: 95.09
ar, white, malleable, ductile metal
r; mp: 1772°; bp: 3827°; d: 21.45

If- VI BLACK * PLATINUM SPONGE
5 * LIQUID BRIGHT PLATINUM
IE" MAN)
/: WA (metal) 1 mg/m3; (soluble
:) w.002 mg/m3

0.002 mg/m3

x nental tumorigen. See also plat-
>u..Js. Incompatible with acetone,
>ride; arsenic; dioxygen difluoride;
ra~ ne; hydrogen; air; hydrogen per-
m >zonides; peroxymonosulphuric
ioius; selenium, tellurium. Forfur-
ition see Vol. 1, No. 3 of DP1M

1 UHLORIDE HR: 3
-65-7 NIOSH: TP 2275000

iw: 265.99
/i_-green powder. D: 5.87. Insol
, ether, benzene, chloroform.
A OF PLATINUM * PLATINOUS

i by ingestion and other routes. A
JS tagenic data. See also platinum
A len heated to decomposition it
umes of Cl~.

{ r) CHLORIDE HR: 3
-< -1 NIOSH: TP 2275500

mw: 336.89

f

733 POLONIUM

PLATINUM TETRACHLORIDE

JHR: Poison by ingestion, intravenous, and in-
tfaperitoneal routes. Mutagenic data. A severe
slcin irritant. See also platinum compounds.
V^hen heated to decomposition it emits toxic
junrtes of Cl~.

PLATINUM COMPOUNDS
fHR-' Exposure to complex platinum salts has
been shown to cause symptoms of intoxication
such as wheezing, coughing, running of the
nose, tightness of the chest, shortness of breath
and cyanosis; exposure to dust of pure metallic
platinum causes no intoxication. Furthermore,
many people working with platinum salts are
troubled with dermatitis. This seems only to
be true of complex platinum salts. It does not
include the complex salts of the other precious
metals. Platinum amine nitrates and perchlorates
either detonate when heated or are impact-sensi-
tive.

HR:3
NIOSH: TP 3710000

PLIOFILM
CAS: 9006-00-2
mf: (C3H5Cl)n

SYNS: PERMASEAL * RUBBER HYDROCHLO-
RIDE * RUBBER HYDROCHLORIDE POLYMER

THR: An experimental carcinogen. When
neated to decomposition it emits toxic fumes
ofcr.

PLUTONIUM
af: Pu aw: 242
PROP: A silvery radioactive metal, chemically
reactive; mp: 641°; bp: 3232°; d: 19.816 @
20°/4°.
THR: The permissible levels for plutonium for
health reasons are the lowest for any of the
radioactive elements. This is occasioned by the
concentration of plutonium directly on bone sur-
faces, rather than the more uniform bone distri-
bution shown by other heavy elements. This
increases the possibility of damage from equiva-
lent activities of plutonium and has led to the
adoption of the extremely low permissible levels
given. Radiation Hazard: Artificial isotope
?38Pu, T| = 86 Y, decays to radioactive 234U
via alphas of 5.5 MeV. Artificial isotope 239Pu,
TJ = 24,000 Y decays to radioactive 235U via
alphas of 5.1 MeV. Artificial isotope 240Pu,
T| = 6600 Y decays to radioactive 236Pu (Neptu-

nium Series), Ti = 13 Y decays to radioactive
241 Am via betas of 0.02 MeV. Artificial isotope
242Pu, Ti = 3.8 x 10s Y decays to radioactive
23SU via alphas of 4.9 MeV. Incompatible with
carbon tetrachloride; water; air.

PLUTONIUM COMPOUNDS
THR: The toxicity of plutonium compounds is
based first upon the very high radiotoxicity of
the plutonium atom and secondly upon whatever
atoms or combinations of atoms they might con-
tain. See also plutonium. Very dangerous! Any
disaster which could cause quantities of pluto-
nium or plutonium compounds to be scattered
about the environment can cause great ecologi-
cal stress and render areas of the land unfit
for public occupancy.

PLUTONIUM NITRATE (SOLUTION)
CAS: 14913-29-2 NIOSH: TP 6670000
SYN: PLUTONIUM NITRATE SOLUTION (DOT)

DOT Classification: Label: Radioactive
THR: See plutonium. When heated to decompo-
sition it emits toxic fumes of NOr.

PODOPHYLLIN
CAS: 9000-55-9

HR:3
NIOSH: TP 8925000

PROP: Light yellow powder or small yellow
fragile lumps. Bitter, acrid taste.
SYNS: PODOPHYLLUM * PODOPHYLI.UM RESIN

THR: Poison by ingestion, subcutaneous, intra-
peritoneal, and other unspecified routes. An ex-
perimental neoplastigen. Combustible. An irri-
tant to skin, eyes, and mucous membranes.
When heated to decomposition it emits acrid
smoke and fumes. For further information see
Vol. 1, No. 3 ofDPIM Report.

POLONIUM HR: 3
af: Po am: 210
PROP: A low melting, radioactive, volatile,
naturally occurring metallic element; mp: 254°;
bp: 962°; d: 9.4.
SYN: RADIUM F
THR: Severe radiotoxicity. Very dangerous to
handle. An experimental carcinogen. See also
plutonium. Radiation Hazard: Natural isotope
210Po (radium-F, Uranium Series), T| = 138
D. Decays to stable 206Pb via alphas of 5.3
MeV.



RADIUM 762

by radioactive elements and radioisotopes (de-
cay of atomic'nucleus); (b) x-fays, ""generated
by sudden stoppage of fast-moving electrons;
(c) subatomic charged particles (electrons, pro-
tons, deuterons) when accelerated in a cyclotron
or betatron. The term is restricted to electromag-
netic radiation at least as energetic as x-rays,
and to charged particles of similar energies.
Neutrons also may induce ionization. Such radi-
ation is strong enough to remove electrons from
any atoms in its path, leading to the formation
of free radicals. These short-lived but highly
reactive particles initiate decomposition of many
organic compounds. Thus ionizing radiation can
cause mutations in DNA and in cell nuclei; ad-
versely affect protein and amino acid mecha-
nisms; impair or destroy body tissue; and attack
bone marrow, the source of red blood cells.
Exposure to ionizing radiation for even a short
period is highly dangerous, and for an extended
period may be lethaf. The study of the chemical
effects of such radiation is called radiation chem-
istry or (in the case of body reactions) radiation
biochemistry.

RADIUM HR: 3
af: Ra aw: 226
PROP: A radioactive earth metal. Brilliant
white, tarnishes in air. Decomp in water; mp:
700°; bp: 1737°; d: 5.5.
THR: A highly radiotoxic element. 1 g emits
3.7 X 1010 dps. Inhalation, ingestion, or bodily
exposure can lead to lung cancer, bone cancer,
osteitis, skin damage, and blood dyscrasias. A
common air contaminant. Ra replaces calcium
in the bone structure and is a source of irradiation
to the blood forming organs. The ingestion of
luminous dial paint prepared from radium was
the cause of death of many of the early dial
painters before the hazard was fully understood.
The data on these workers has been the source
of many of the radiation precautions and the
maximum permissible levels for internal emit-
ters which are now accepted. 226Ra is the parent
of radon and the precautions described under
222Rn should be followed. 228Ra is a member
of the thorium series. It was a common constitu-
ent of luminous paints, and while its low beta
energy was not a hazard, its daughters in the
series may have been a causative agent in the
deaths of the radium dial painters following
World War I. Its metabolism is the same as
any other radium isotope and it is a source of

thoron. The precautions recommended
220Rn should be followed. Highly dange
must be kept heavily shielded and stored a *'
from possible dissemination by explrK ^
flood, etc. Radiation Hazard: Natural '00'
223Ra (Actinium-X, Actinium Series)
11.4 D, decays to radioactive 2I9Rn by
of 5.5-5.7 MeV. Natural isotope 224Ra *
rium-X, Thorium Series), T£ = 3.6 D,
to radioactive 220Rn by alphas of 5.7
Natural isotope 226Ra (Uranium Series), "n
1600 Y, decays to radioactive 222Rn '
of 4.8 MeV. Natural isotope 228Ra
rium = 1 , Thorium Series), T£ = 6.7 Y, a
to radioactive 228Ac by betas of 0.05 McV '

RADON
mf: Rn mw: 86

HR:J

PROP: Colorless, odorless, inert gas, ver\
dense. Bp: —62°; d (gas @ 1 atm and 0°V9 71
g/L, (liq @ bp): 4.4.
THR: A common air contaminant. Radiation
Hazard: Natural isotope 220Rn (Thoron, Tho-
rium Series), Ti = 55s, decays to radioactive
216Po by alphas of 6.3 MeV. Natural isotope
222Rn (Uranium Series), Ti = 3.8 D, deca£
to radioactive 218Po by alphas of 5.5 MeV. The
permissible levels are given for 222Rn in equilib-
rium with its daughters. The chief hazard from
this isotope is inhalation of the gaseous element
and its solid daughters, which are collected c*
the normal dust of the air. This material is depot-
ited in the lungs and has been considered to
be a major causative agent in the high incidence
of lung cancer found in uranium miners. Radoa
and its daughters build up to an equilibrium
value in about a month from radium compounds,
while the build-up from uranium compound!
is negligible. Good ventilation of areas where
radium is handled or stored is recommended
to prevent accumulation of hazardous concentra-
tions of Rn and its daughters.

RED SQUILL HR:3
NIOSH: VF 3750000

PROP: Sea onion bulbs contain a potent concen-
tration of Scilliroside, a glycoside bearing t
close chemical resemblance to the Scillarciw
SYNS: BONIDE TOPZOL RAT BAITS AND KILLING
SYRUP * SCILLIROSIDE GLYCOSIDE * SQl'IU.

THR: Poison by ingestion. Human gastrointcsli-

8 -
H !



7-2 NIOSH: VQ 20000%

;p< mental carcinogen. See also
/hcu heated to decomposition jt
ames of Cl~.

Cl« HR: 3
-48-4 NIOSH: VQ 4200000

"mw: 140.15
L-,uid. Sol in water, methanoi

mol, ethyl acetate; slightly sol in
:d'" om Streptomyces sp.
M' IN

.perimental teratogen and carcino-
te toxic by intravenous, subcuta-
ir aperitoneal routes. Mutagenic
heated to decomposition it emit*
and fumes.

*S HR: 3
NIOSH: VQ 5946000

el wish, reddish volatile oil, pua-
,tic odor and taste. Sol ale, ether,
glacial acetic acid, CS2; d: 1.065-

5°, 5°. Safrole-Free ethanol extract
a idum root bark.
FRAS ALBIDUM

e) erimental neoplastigen. Whea
ec nposition it emits acrid smoke

iw: 44.9559
la rally occurring element.
La,w Earths. Should be handled care-
imable in the form of dust, when
IK or flame or by chemical reaction
ei See also powdered metals, and
;. Can react violently with halogens;

M (3+) CHLORIDE HR: 3
,1-84-9 NIOSH: VQ 8925000

mw: 151.31
u'lc deliquescent solid. Mp: 960°. sol
isol in ale.

769 SELENIUM

SCARLET RED
CAS: 85-83-6

syN:sc o3
: Poison by intraperitoneal route. Moder-
toxic by ingestion. See also scandium,
heated to decomposition it emits toxic
of Cl~.

HR:3
NIOSH: QL 5775000

mw: 380.48
BRASILAZINA OIL RED B * CALCO OIL

ggD D * C.I. 258 * C.I. SOLVENT RED 24
* 2',3-DIMETHYL-4-(2-HYDROXYNAPHTHY-
LAZO)AZOBENZENE * FAST OIL RED B
t FAT RED B * l-((2-METHYL-4-((2-METH-
ytPHENYL)AZO)PHENYL)AZO)-2-NAPHTHALENOL
* PHENOPLASTE ORGANOL RED B
* RUBRUM SCARLATINUM * l-((4-(O-TOLYL-
AH))-O-TOLYL)AZO)-2-NAPHTHOL) * O-TOL-
OENEAZO-O-TOLUENEAZO-BETA-NAPHTHOL
* O-TOLUENEAZO-O-TOLUENE-BETA-NAPHTHOL
* O-TOLYLAZO-O-TOLYLAZO-BETA-NAPHTHOL
* O-TOLYLAZO-O-TOLYLAZO-2-NAPHTHOL

THR: An experimental carcinogen. Mutagenic
data. When heated to decomposition it emits
toxic fumes of NO,.

HR:3
NIOSH: VR 3675000

mw: 303.39

SCOPOLAMINE
CAS: 51-34-3
mf: CI7H2,N04

PROP: Thick, colorless, syrupy liquid alkaloid.
Mp: 55°. Very sol in hot water, ale, ether, chlo-
roform, acetone; slightly sol in benzene, petro-
leum ether. Decomp on standing.
SYNS: 6-BETA,7-BETA-EPOXY-3-ALPHA-TROPA-
NYL S-( —)-TROPATE * EPOXYTROPINE TROPATE
* HYOSCINE * ( —)-HYOSCINE * SCOPINE
TOOPATE * (—)-SCOPOLAMINE * TROPIC
ACID, ESTER WITH SCOPINE * TROPIC ACID, 9-
METHYL-3-OXA-9-AZATRICYCLO(3.3.1.0(SUP 2,
4))NON-7-YL ESTER

THR: Poisonous alkaloid by intravenous and
subcutaneous routes. Human central nervous
system effects. See also esters. It can produce
profound depression of the central nervous sys-
tem and occasionally it causes excitement. It
can cause hallucinations and the individual af-
fected loses a certain amount of his normal inhi-
bitory control. It is for that reason that it has
been called "truth serum." In many cases of

poisoning from this material, and even to a cer-
tain extent following its medical application,
there is retention of the urine caused by paralysis
of the bladder, and catheterization is necessary.
The fatal dose is variable. Death has occurred
from as little as 0.6 mg, while recovery has
occurred from doses of 7-15 mg. Dangerous;
when heated to decomposition it emits highly
toxic fumes of NO^.

HR:3
NIOSH: CP 9450000

mw: 238.32

SECONAL
CAS: 76-73-3
mf: C!2H,8N203

SYNS: 5-ALLYL-5-(l-METHYLBUTYL)BARBlTU-
RIC ACID * 5-ALLYL-5-(l-METHYLBUTYL)-
MALONYLUREA * QUINALBARBITAL
* QU1NALBARBITONE * SECOBARBITAL
* SECOBARBITONE

THR: Poison by ingestion, intraperitoneal, sub-
cutaneous, and intravenous routes. Human cen-
tral nervous system effects. See also barbitu-
rates. When heated to decomposition it emits
toxic fumes of NOX.

HR:3
NIOSH: VS 7700000

SELENIUM
CAS: 7782-49-2
DOT: 2658
af: Se aw: 78.96
PROP: Steel gray, non-metallic element; mp:
170°-217°; bp: 690°; d: 4.81-4.26; vap press:
1 mm @ 356°.
SYNS: SELENIUM ALLOY * SELENIUM BASE
* SELENIUM HOMOPOLYMER * C.I. 77805
* ELEMENTAL SELENIUM * SELEN (POLISH)
* SELENIUM DUST

OSHA PEL: TWA 200 ug(Se)/m3

ACGIH TLV: TWA 0.2 mg/m3

DFG MAK:0.1 mg/m3

DOT Classification: Poison B, Label: Poison
THR: Poison by inhalation, intravenous, and
other unknown routes. An experimental carcino-
gen. See also selenium compounds. When
heated to decomposition it emits toxic fumes
of Se. Can react violently with barium carbide;
bromine pentafluoride; calcium carbide; chlo-
rates; chlorine triffuoride; chromic oxide (CrO3);
fluorine; lithium carbide; lithium silicon (L%
Si2); nickel; nitric acid; sodium; nitrogen trichlo-
ride; oxygen; potassium; potassium bromate; ru-
bidium carbide; zinc; silver bromate; strontium



SELENIUM COMPOUNDS 770

carbide; thorium carbide; uranium. For further
information see Vol. 1, No. 3 of DPIM Report.

SELENIUM COMPOUNDS .. HR: 3
THR: Poison by inhalation and intravenous
routes. An experimental carcinogen. Selenium
in small amounts is essential for normal growth
of some animals. Deficiency or excess is associ-
ated with serious disease in livestock. Long-
term exposure may be a cause of amyotrophic
lateral sclerosis in humans, just as it may cause
"blind staggers" in cattle. Elemental selenium
has low acute systemic toxicity, but dust or
fumes can cause serious irritation of the respira-
tory tract. Hydrogen selenide resembles other
hydrides in being highly toxic, and selenium
oxychloride is a vesicant. Some organoselenium
compounds have the high toxicity of other or-
ganometals. Inorganic selenium compounds can
cause dermatitis. Garlic odor of breath is a com-
mon symptom. Pallor, nervousness, depression
and digestive disturbances have been reported
in cases of chronic exposure. Selenium com-
pounds are common air contaminants.

SELENIUM DIMETHYLDITHIO-
CARBAMATE HR: 3
CAS: 144-34-3 NIOSH: VT 0780000
mf: C12H24N4S8 • Se mw: 559.84
PROP: Yellow powder, cryst; d: 1.58; M range:
140°-172°.
SYNS: METHYL SELENAC * TETRAKIS-
(DIMETHYLCARBAMODITHIOATO-S,S')SELENIUM
THR: An experimental carcinogen. See also se-
lenium compounds and carbamates. When
heated to decomposition it emits very toxic
fumes of Se, SO,,., and NO,.

SELENIUM DISULFIDE (2.5%) SHAM-
POO HR: 2

NIOSH: VS 9285000
SYN: SELENIUM(IV) DISULFIDE SHAMPOO (2.5%)
THR: An eye irritant. See also selenium com-
pounds and sulfides. When heated to decomposi-
tion it emits very toxic fumes of Se and SO,.

SELENIUM HEXAFLUORIDE HR: 3
CAS: 7783-79-1 NIOSH: VS 9450000
DOT: 2194
mf: F6Se mw: 192.96

PROP: Colorless gas; mp: -39° fcllk,
-40.6°); bp: -34.5°; d: 3.25 @ -25°
SYN: SELENIUM FLUORIDE

OSHA PEL: TWA 400 ug/m3

ACGIH TLV: TWA 0.05 ppm
DOT Classification: Poison A
THR: Poison by inhalation. See also sele
compounds and fluorides. When heated "
composition it emits very toxic fumes of'
and Se.

SELENIUM MONOSULFIDE HR ,
CAS: 7446-34-6 NIOSH: VT 0525 '
mf: SSe mw: 111.02
PROP: Orange-yellow tablets or powder
111.03°; bp: decomp @ 118°-119°- d- \
@0°. ' '
SYNS: SELENIUM SULFIDE * Nci-c50033
OSHA PEL: TWA 200 ug(Se)/m3

THR: Poison by ingestion. An experimental c».
cinogen. See also selenium compounds and
fides. When heated to decomposition it en
very toxic fumes of SO, and Se.

SELSUN
NIOSH: VT 241

HR:

PROP: 2.4% w/v selenium sulfide in aqu
suspension, also contains bentonite, sodium i
kyl aryl sulfonate, sodium phosphate, glyc
monoricinoleate, citric acid, captan and
fume.
SYN: Nci-c54546
THR: An eye irritant. See also selenium <
pounds, bentonite, tri-o-sodium
citric acid, captan, glycerol monoricinok
When heated to decomposition it emits
toxic fumes of Se, SO*, PO,, and NO,.

SEMICARBAZIDE HYDROCHLOR-
IDE HR:
CAS: 563-41-7 NIOSH: VT 35
mf: CHSN3O • C1H mw: 111.55
PROP: Prisms from dilute alcohol.
@ 175M850; mp: 176° (decomp). Very sol i
water; very slightly sol in hot ale; insol in i
drous ether.
SYNS: AMIDOUREA HYDROCHLORIDE * AMI-
NOUREA HYDROCHLORIDE * CARBAMYLHYI**
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CONTACT REPORT

Meeting: ( ) Telephone! (X) Othen ( )

Contact Location:

Address:

Person, Title,
Contacted:

From*

Date:

Subject:

Navajo Nation Minerals Department

P.O. Box 308, Window Rock, Arizoona 86515

Rich Koch, Geologist

Pat Molloy

April 18, 1989

Leases - Navajo Lands Uranium Mines

Contact Summary Report;
Pre 1960's Uranium Mines --no records now with tribe. All
leases for mines worked before 1960 are presume to be expired.

Minerals department not existence until late 60's. No documents
or records on these mines indicating lease holders are in
existence with this department.
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NAVAJO URANIUM OPERATIONS:
EARLY HAZARDS AND RECENT INTERVENTIONS

Harold Tso
Nivijo Environmental Protection Commission

Window Rock, Arizona
and

Lora Mangum Shields
Navajo Community College, Shiprock.

ABSTRACT
By I960, Navajo tribal lands had produced and milled more than six

million tons of uranium ore. A total lack of awareness of radiological dangers
prevailed during the early days of uranium exploration. Long-lived radioactive
wastes became dispersed widely by natural and anthropogenic agents.
Continuing radiation hazards remain at three primary man-exposed sources of
radioactive products: 1) between 100 and 200 abandoned mine dumps which
leach radioactive material to surface and shallow water; 2) mill tailings at four
sites retain 85 percent of the radioactivity of the original ore; and 3) three
operating mines, two on the reservation and one marginal, discharge on
Indian land. Also, water from certain deep wells is contaminated from
naturally occurring radioisotopes leached from ore veins by the aquifers.
Remedial action on the tailings sites has been initiated. The Navajo Tribal
Council identifies the remaining most urgent needs as follows: 1) locate the
abandoned mines, 2 reclaim the associated uranium waste piles or dumps, 3)

contaminated residential quarters, 4) determine the medical history
status of the occupants and, where indicated, 5) relocate the

families.

In ) 950, a Navajo Indian, Paddy Martinez, observed yellow coatings on a
Tcdil'.o limestone outcrop on Santa Fe railroad land. This McKinley County,
New Mexico, site was to become the location of the famous Haystack
Uranium Mine. It was the richest uranium deposit ever discovered in Todilto
limestone. The Santa Fe railroad awarded Paddy Martinez a lifetime annuity
of S2SO a month. His find triggered intensified uranium prospecting.
Uranium exploration soon expanded into the greatest mining boom since the
California gold rush.

The Navajo reservation lies north and west from the major uranium
operation at Grants, New Mexico. By 1960, Navajo tribal lands hid produced
and milled more than six million tons of uranium ore. Uranium mining had
begun >n the four-corners section of the Navajo reservation in the late 1940's.

*5"" of th« «""lhe»«i nuarter of the reservation exceeds 63,400
« 1V77 fiTiiri* ronn-ti-nr< sinnrnYimntflv iwO-fifl.i> ,,.' the ....J

lands. The first regulatory authority over mining operations on UK
reservat on was exercised by the Environmental Protection Agency in the
early 19 O's. The national congress now is mandating the correction of early
radiological abuse of tribal lands. The control of radioactive wastes on thv
Navajo reservation first must address problems which emerged in two areas as
uranium mining developed.
Problem areas.
1) A tonl lack of awareness of radiological dangers prevailed during the early

days of uranium explorations. The typical uranium mine in the 1950's was
a 3- to S-man operation. Miners blasted and returned a day or two later
when the dust had settled (Tso, 1980). Operators trucked their ore^o the
mill where the Atomic Energy Commission maintained a buyinp^hion
Local contamination was ignored. Long-lived radioactive wastesiijeeame
dispersed widely by natural and anthropogenic agents.

2) Continuing radiation hazards remain at three primary man-exposed sources
of radioactive decay products.
a) Between 100 and 200 small, shallow (50 ft) uranium deposits on the

reservation were mined and abandoned following extraction of the high
grade ore.The excavated portion of such minesoffers a site for meteoric
water impoundment. This impounded water is available for leaching the
lower grade uranium ore, transporting dissolved radioactive materials
into shallow aquifers and alluvial standing water. Contamination of
surface water by mining and milling operations is well documented
(EPA, Costle, 1979). Nearly 40 percent of the Navajo families in the
surrounding area haul water from shallow wells, stock tanks or springs.

The dump material from these mines has remained available for use
in construct ion. A r e c e n t radiological scan by the Navajo
Environmental Protection Commission has shown high gamma readings
in 16 homes in the Oak Springs area, the location of about 50
abandoned mine sites. Their inventory of the 400-500 homes in this
vicinity has only begun.

b) Tailings in four inactive milling sites have been dispersed widely by
wind and water (Schiager, 1974). The crushing, grinding and leaching of
ore extracts from 0.1 to 0.5 percent as uranium oxide (UsOb) or yellow
cake (Wagoner, 1980). The Shiprock tailings retain 85 percent of the
natural radioactivity present in uranium ore (Ford et al.t 1977).

Until the interim partial reclamation of the 300-acre Shiprock
tailings pile, radiation levels were several orders of magnitude greater
than the average concentration within the earth's crust (within a mine;
Ford era/., 1977). This tailings site is within one mile of a day care

er, ti blic Is, tl " i Jui "'trer v stipr.'



buildings for construction at Aneth read 25,000 alpha counts/nun when
moved. State regulations prohibit transport at readings above 5,000
coums/min. The greatest hazard from mill tailings, as in the atmosphere
of the mine itself, is radon-222, emanated as a gas and transported by
the atmosphere. A radon-222 atom in the five days of its mean lifetime
could be transported hundreds of miles through the atmosphere, a few
lect through the earth or tailings and a few inches through good
concrete (Schiager, 1974). Exposure to radon-222 (half-life 3.82 days)
and the radon daughters with still shorter half-lives, is measured

bioassay for one of the longer half-lived progeny, lead-210, in
bone and teeth.

Throughout the uranium belt, mill tailings were used as landfill for
building sites uniil the Nuclear Regulatory Commission prohibited
removal around 1976. A 1972 mobile and hand scan survey showed
mnejyyjdings in Shiprock with pamma levels of 100-200/vR/hr at eight
sites where tailings were used and 300 //R/hr for uranium dump
material at another site (Pitkin, 1972). These nine high gamma
radiation anomalies in Shiprock compare with 10) for Grants, 158 for
New Mexico, and 6,253 for Colorado, in general.

c) Three operating mines, two on the reservation and one marginal,
discharge on Indian land. Each of two of these mines employs 350 to
500 workers, most of whom are Navajo.

A dam failed at the off-reservation uranium processing mill in 1979.
About 95 million gallons of radioactive water moved into the arroyo
bed on Indian land. Contamination carried into tributaries left local hot
spots. Tailings were desposited in mud flats and in watering places of
grazing animals (Tso, 1980).

TS^fcir,sure .optimim safety and acceptance of continued uranium
\rfjpion arul tne use of nuclear energy, we must 1) identify and correct
)jst*mistakes and 2) avoid repeating these mistakes in future operations.
Keinterpreialion of existing knowledge.

In the reevaluation of existing knowledge, possible unsuspected adverse
Health effects of low level radiation are emerging. Uranium mining and milling
now ire recognized as the most significant sources of radiation exposure to
ihe public. The hazards of these two initiil steps, primarily from radium-226
jnd lead-210 (from the radon daughters), surpass by far the later stages in the
uranium fuel cycle such as nuclear power reactors and high level radioactive
«.aste disposal (Nuclear Regulatory Commission, 1976). Radiological dangers
associated wi th u r a n i u m mining and milling have been severely
underestimated. Exposures may affect populations fir removed from sources
of radioactive material (Sorenson, 1978). Long term, low level exposure may
increase the incidence of latent cancers, birth defects and certain forms of
mental anJ physical retardation. The ratio of somatic to genetic effects after
a given exposure is 60 times greater than thought 15 years ago (in 1956)
( I n t .onal miss i Ra< ..leal' ;tion 1).

• r

Shiprock was one of '06 communities in the ii'.S. uranium belt showing
elevated radiation levels related to mill tailings (Pitkin, 1972). Shiprock was
one of eig u of these communities designated for prompt remedial action at
federal expense.1 During 1974-75, however, the Navajo Tribe, assisted by the
Environmental Protection Agency and the Indian Health Service, had already
conducted an interim stabilization program at the Shiprock site (EPA, Costle,
1978). The tailings had been fenced to restrict access and covered with several
feet of soil. Thijrimerim cleanup reduced radioactivity in places on the pile
to one-fourth of the level before covering and in other places to one-tenth the
previous level (Tso, 1980). Before final remedial action, as hauling to a
remote site for burial, the Department of Energy must develop engineered
disposal plans and prepare an environmental impact statement (Wolff, 1980).

Public Health Service Region IX, with headquarters in San Francisco,
moni tors e n v i r o n m e n t a l q u a l i t y on the Navajo reservation.' The
Environmental Protection Agency Environmental Monitoring and Support
Laboratory (Las Vegas, Nevada) performs radiological analyses onjwater
samples which Region IX personnel collect from approved sources
reservation-wide. Water from unapproved surface sources is not sampled for
analysis. Radioactive contamination of certain drilled wells 700-800 ft deep
appears .0 result from naturally occurring radioisotopes leached from ore
veins by ground water (HEW, Richmond, 1979). Both the ore and the
aquifers frequently occur in the same geological formation. Water from a
number of deep known wells exceeds the permissible limit of 3.0 pC/1
radium-226 (double the limit at Martinez Camp, Many Farms, Baca and
Smith Lake; above the limit in wells at Thoreau, Rock Point, Rough Rock,
and Borrego Pass) (Cumulative Report of Radionuclide Samples on Indian
Lands; Region IX, 1979). One well at Martinez Camp has been closed to
public use.

The Council for Energy Resources Tribes (CERT), directed
Tribal Chairman Peter MacDonald, has funded an inventory
abandoned mines and for housing sites which incorpofa*Coreor mj\ljaiu'ngs.
The Navajo Environmental Protection Commissio<mrold lA-Hj/ecwr. will |
conduct this survey. The nudV is designjB«Ko "provide accurate .and
data to the Tr(biJNCounctLjmdit»*friembers on/uie social,
cultural effectsVof^esourc>**8evelopment'1 (ton the Navaio rejefvationi
Specifically, pursuantJp^fneAbandfinedNftae' Lands PrograrrtfrrL 95-87, a
need exists to lL*sfablish a coVjpukernea dataVbjise whicn designates the
locations orxrtJandoned mines/\n/the Navajp res&wation; 2) perform
radioloRuxrtsurveysTiri each atvxto determineSjfe tynnt of contamination at
eachxrmne and in ho/neskiAne immediate area;y)"eollect samples (air, water,
efetation, stone) anlKsubmit for radiologiq$j»nalysis; and 4) assist the tribal

Division of Health Improvement ServiwsjWdetermining the health conditions
of residents exposed to radioactivtvubstances and in performing medical
analyses to determine impacts from mining or uranium processing. Staff at

I. the .ium Taili adia ;ont ct of



the Taaile campus of Navajo Community College will participate in all areas
uf the study.

The Navajo Tribal Council in a recent resolution recommends identifying
and decontaminating abandoned uranium mine sites and filling the mine
shafts. The Council recommends, further, that residents of highly radioactive
areas be identified and provided with appropriate medical examination and/or
•.are. Already 41 families have been identified.

A separate pending study involving PHS and IHS proposes to evaluate the
etljtfkon reproduction of paternal and maternal exposures to radioactive
"•jj^Hoccupationul. residential or environmental) in the Shiprock and Red
Valley (Cove, Red Rock, Oak Springs) areas.

Another pending project addresses the bioaccumulation of radium-226
ind lead-210 in deciduous and adult human teeth and sheep bone from the
hip region. Samples for analysis will be secured from populations exposed to
mill tailings or to waste uranium ore dumps. The Navajo religious philosophy
tends to prohibit the experimental use of human bone. From a single rib
obtained in autopsy, however, whole body radium-226 or lead-210 could be
extrapolated as Kulp (1961) did for strontium-90. For both radium-226 and
lead-210. the access routes to the animal system are through ingestion
dissolved or paniculate-linked, from water or through plants. Lead-210, in
addition, appears transiently in blcod and bone and more permanently in

' teeth following inhalation of radon daughters as from the mine air or
• emanatio^jjom mil) tailings.

This project also would survey for radium-226 in soil, water and
vegetation. Data for comparison arc available from studies (1958-64) along
the Animas River downstream from the Durango mill tailings effluent.
R^fam-226 underwent biomagnification in algae and aquatic bottom insects
aj^H^peared jn irrigated soils and crops; in livestock, milk and the human
po^ilation around Farmington , New Mexico (Tsivaglou, 1964).
Bioaccumulation of radioisotopes from the Animas River, however, was
dismissed as. insignigicant at the time.

The hazard from uranium mining and milling is primarily from radium-226
and lead-210. Analytical data for radium-226 and lead-210 should each
reinforce the other as evidence of the radiological hazard in the environment.

This project also would search IHS/PHS medical records for the area and
state tumor registries for the incidence of sarcoma, other bone cancer, lung
cancer and leukemia. Agency school records would be examined for evidence
of mental retardation and physical defects.

Heart defects appear to have increased in the Shiprock Health Service Unit
(Gottlieb, 1980). At Grand Junction, Colorado, where 300,000 tons of
tailings disappeared to construction projects, mongolism in the newborn has
tripled (Ambler, 1980). Over 200 underground uranium miners have died of
lung cancer in the Colorado plateau area (Archer, 1980). Forty percent of the
lun* cancer patients under recent observation have died before age 40

se p lity U tai
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2.0 GENERAL FEATURES-Contiified

2.5 Tectonic History • »

The Major Structural Features of the Coal Area
were Largely Developed by Middle Tertiary Time

The major structural features in Area 62 are the southern San Juan Basin,
its bounding structures, and the Mogollon slope.

k.
I
I
L
L
k

Area 62 lies in the southeastern quarter of the
Colorado Plateau, one of the major structural pro-
vinces of the United States. The Plateau is
characterized by a thick sequence of sedimentary
rocks that indicate a long tectonic history (Foster.
1971, p. 363 and Kelley, 1951, p. 124-129). The
southern part of the San Juan Basin, its major
bounding structures (Kelley, 1951), and the
Mogollon slope are the major structural features
in Area 62 (fig. 2.5-1).

During the nineteenth century the study of
sedimentary rocks and the plant and animal fossils
they contained led to the development of the
geological time scale (fig. 2.5-2). The scale shows
the immensity of time involved for formation of the
structural features in Area 62.

The San Juan Basin, a structural embayment
of the Colorado Plateau, began to form during a
period of uplift as early as Late Paleozoic time
'Kelley, 1951. p. 130) The Defiance and Zuni
uplifts the major highland elements in the
southern San Juan Basin were forming in
Paleozoic and Mesozoic Time. Kelley states that
the present structural elements of the San Juan
Basin were probably developed by Middle Tertiary
time.

The Mogollon highland dominated the south
side of the Colorado Plateau during Late Jurassic
time. The south half of the highland (shown in fig.
2.5-1 as the Mogollon slope) was broken and tilted
to the northeast during volcanic episodes at the end
of the Jurassic Period (Saucier, 1976, p. 152). The
Mogollon slope is the structural feature which
represent the tectonic remnants of the Mogollon
highland.

The Zuni and Defiance uplifts are located on
the southern and western edges of the San Juan
basin. The Zuni uplift trends northwestward, is 80
miles long by 35 miles wide, and has a structural
relief of 5,500 feet (Kelley, 1951, p. 126). The steep
limb of the uplift dips southwestward away from
the basin. The Defiance uplift trends northward
past the study area, is 100 miles long by 30 miles
wide, and has a maximum structural relief of 7.500
feet (Kelley, 1967, p. 28). The steep limb dips east
toward the San Juan basin (Kelley, 1951).

Two structural platforms (Kelley, 1951, p. 126)
are located in the study area: The Acoma sag and
the Gallup sag. The Acoma sag is a flat wide area
bordering the Zuni uplift on the east. The Gallup
sag extends from the San Juan basin southward
between the Defiance and Zuni uplifts (Kelley,
1967, p. 29).

Two monoclines border the Gallup sag. The
Nutria Monocline bounds the north two-thirds of
the Zuni uplift on its west side (Kelley, 1967) and
the Defiance monocline borders the Defiance uplift
on its east side.

Kelley (1951, p. 126) describes the Chaco slope
as the southern part of the San Juan Basin that
lies between the Central Basin (fig. 2.5-1) and the
Zuni uplift and Acoma sag. The Chaco slope
resembles the platforms but differs from them
because of "its more pronounced and continuous
regional inclination toward the center of the basin
and by the absence of a 'monocline' separating it
from the Central Basin" (Kelley, 1951, p. 126).

L
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EXPLANATION

UPLIFTS

BASINS AND PLATFORMS

SLOPES AND MONOCLINES

__ BOUNDARY BETWEEN
STRUCTURAL FEATURES

Structural features modified
from KeUey (1951. 1955)

Figure 2.5-1 Major structural features.
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CONTACT REPORT

Meeting: 0O Telephone: ( ) Other: ( )

CONTACT LOCATION: NSO

ADDRESS: P .O.B. 2946 , Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Pat Molloy, Health Physicist, NSO

PHONE: 602-871-7332

FROM (Contacting
party): T. Morris, Environmental Spec., NSO

DATE: 6/18/90

SUBJECT: Calculations: Nanabah Vandever Waste Piles Radon Emissions

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

See Attached:



1. Assume that the near tailings pile is 30% of the volume of the
larger tailings pile, then

v(l) (2) _
TP v TP i"> v TP ,- -

= 1.3 [9.94 (105) ft1*]
V'Tp= 1.29 (106) ft3.

2. Assume that the fraction of U_0H within the tailings is of theA J O
order of magnitude of 10~ whereby,

-4VU3Og= 10 * V'
- 1.29 (102) ft3

=3.66 (106) cm3

3. Compute the mass and weight of U_0g
MU3Og= 23.26 gm • cm~3 [3.66(106) cm3]

= 8.5 (104) kg
: 93.7 Tons

4. Assume that only the upper 3 meters of tailings contributes
to.the area Radon burden (NOTE: tanh( "Ax 0̂ )* = 0.999)

J. = 104 RpE ( D..) * tanh
I j i ~~ " I I ~w •* t^ L* If

= 352.3 pCi * nf2 ' s"1

5. Compute the Flux rate for the "Horizontal" surface area as

Jt At = (352.3) (659.6) pCi ' s'1

= 2.32 (105) pCi ' s'1,

Where 659.6m2 = 7.1 (10 ) ft2.

6. Compute the yearly Radon production as
J. A. AT = [ 2.32(105)](60)2(365)(24)

I* \* j i

= 7.33 Curies
7. Compare the above quantity with the calculation using the



value of (103 pCi ' m 2 * s'1) x (.22) (for aged tailings)

(.22) (103)(659.6)(60)2(365)(24)

=4.58 Curies
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PART 192—HE|LTH AND ENVIRON.
MENTAL PROTECTION STANDARDS
FOR URANIUM AND THORIUM
MILL TAILINGS
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< haart A—Standards for the Control) <1> Exceed an average1 release rate
^Residual Radioactive Material. °* 20 picocuries per square meter per
from Inoetivo Uranium Processing
Sit**

1192.M Applicability.
This subpart applies to the control

f residual radioactive material at des-
ignated processing or depository sites
under section 108 of the Uranium MD1
Tailings Radiation Control Act of 1978
(henceforth designated "the Act"),
-pd to restoration of such sites follow-
ing any use of subsurface minerals
under section 104(h> of the Act.

jj 192.01 Definitions,
(a) Unless otherwise indicated in this

subpart, all terms shall have the same
meaning as in Title I of the Act.

<b) Remedial action means any
action performed under section 108 of
the Act.

(c) Control means any remedial
action intended to stabilize, inhibit
future misuse of, or reduce emissions
or effluents from residual radioactive
materials.

<d) Disposal site means the region
within the smallest perimeter of resid-
ual radioactive material (excluding
cover materials) following completion
of control activities.

(e) Depository site means a disposal
site (other than a processing site) se-
lected under section 104(b) or 105(b)
of the Act.

(f) Curie (Ci) means the amount of
radioactive material that produces 37
billion nuclear transformation per
second. One picocurie (pCi) = 10 "''Ci.
§ 192.02 Standards.

Control shall be designed1 to:
(a) Be effective for up to one thou-

sand years, to the extent reasonably
achievable, and, in any case, for at
least 200 years, and,

(b) Provide reasonable assurance
that releases of radon-222 from residu-/
a|*radioactive material to the atmof-

*phere will not?

second, or
(2) Increase the annual average con-

centration of radon-222 in air at or
above any location outside the dispos-
al site by more than one-half picocurie
per liter.

Subpart B—Standards for Cleanup of
Land and Buildings Contaminated
with Rosidual Radioactive Materi-
als from Inactive Uranium Process-
ing Sites,'

! 192.10 Applicability.
This subpart applies to land and

buildings that are part of any process-
ing site designated by the Secretary of
Energy under section 102 of the Act.
section 101 of the Act, states, in part,
that "processing site" means—

(a) Any site, including the mill, con-
taining residual radioactive materials
at which all or substantially all of the
uranium was produced for sale to any
Federal agency prior to January 1,
1971, under a contract with any Feder-
al agency, except in the case of a site'
at or near Slick Rock, Colorado,
unless—

(1) Such site was owned or con-
trolled as of Januray 1, 197», or is
thereafter owned or controlled, by any
Federal agency, or

(2) A license (issued by the (Nuclear
Regulatory) Commission or its prede-
cessor agency under the Atomic
Energy Act of 1954 or by a State as
permitted under section 274 of such.
Act) for the production at site of any_
uranium or thorium product derived
from ores is in effect on January 1,
1978. or is issued or renewed after
such date; and I

'Because the standard applies to design,
monitoring after disposal is not required to
demonstrate compliance.

•This average shall apply over the entire
surface of the disposal site and over at least
a one-year period. Radon will come from
both residual radioactive materials and
from materials covering them. Radon emis-
sions from the covering materials should be

.ted, M part of developing a remedial
^ l a n for each site. The sUndird,
ever, applies only to emissions from ^e-

— u a l radioactive materials to the atmos-
<»fhere. I
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(b) Any other real property or im-
provement thereon which—

(1) Is in the vicinity of such site, and
(2) Is determined by the Secretary,

in consultation with the Commission,
to be contaminated with residual ra-
dioactive materials derived from such
site.
§ 192.11 Definitions.

(a) Unless otherwise indicated in this
subpart, all terms shall have the same
meaning as defined in Title I of the
Act or in Subpart A.

(b) "Land" means any surface or
subsurface land that is not part of a
disposal site and is not covered by an
occupiable building.

(c) "Working Level" (WL) means
any combination of short-lived radon
decay products in one liter of air that
will result in the ultimate emission of
alpha particles with a total energy of
130 billion electron volts.

(d) "Soil" means all unconsolidated
materials normally found on or near
the surface of the earth including, but
not limited to, silts, clays, ^sands,
gravel, and small rocks.
i 192.12 Standards.

Remedial actions shall uc conducted
so as to provide reasonable assurance
that, as a result of residual radioac-
tive materials from any designated
processing site:

(a) The concentration of radium-226
in land averaged over any area of 100
square meters shall not exceed the
background level by more than—

(1) 5 pCi/g, averaged over the first
15 cm of soil below the surface, and

(2) 15 pCi/g, averaged over 15 cm
thick layers of soil more than 15 cm
below the surface.

(b) In any occupied or habitable
building—

(1) The objective of remedial action
shall be, and reasonable effort shall be
made to achieve, an annual average
(or equivalent) radon decay product
concentration (including background)
not to exceed 0.02 WL. In any case,
the radon decay product concentration
(including background) shall not
exceed 0.03 WL, and

(2) The level of gamma radiation
shall not exceed the background level

by more than 20 microroentgens per
hour.

Subpart C—Implementation

§ 192.20 Guidance for implementation.
Section 108 of the Act requires the

Secretary of Energy to select and per-
form remedial actions with the con-
currence of the Nuclear Regulatory
Commission and the full participation
of any State that pays part of the cost,
and in consultation, as appropriate,
with affected Indian Tribes and the
Secretary of the Interior. These par-
ties, in their respective roles under sec-
tion 108, are referred to hereafter as
"the implementing agencies." The im-
plementing agencies shall establish
methods and procedures to provide
"reasonable assurance" that the provi-
sions of Subparts A and B are satis-
fied. This should be done as appropri-
ate through use of analytic models
and site-specific analyses, in the case
of Subpart A, and for Subpart B
through measurements performed
within the accuracy of currently avail-
able types of field and laboratory in-
struments in conjunction with reason-
able survey and sampling procedures.
Theoe methods and procedures may be
varied to suit conditions at specific
sites. In particular:

(aXl) The purpose of Subpart A is to
provide for long-term stabilization and
isolation in order to inhibit misuse and
spreading of residual radioactive mate-
rials, control releases of radon to air,
and protect water. Subpart A may be
implemented through analysis of the
physical properties of the site and the
control system and projection of the
effects of natural processes over time.
Events and processes that could sig-
nificantly affect the average radon re-
lease rate from the entire disposal site
should be considered. Phenomena that
are localized or temporary, such as
local cracking or burrowing of rodents,
need to be taken into account only if
their cumulative effect would be sig-
nificant in determining compliance
with the standard. Computational
models, theories, and prevalent expert,
judgment may be used to decide that a
control system design will satisfy the
standard. The numerical range provid-

ed in the standard for the longevity of
the effectiveness of the control of re-
sidual radioactive materials allows for
consideration of the various factors af-
fecting the longevity of control and
stabilization methods and their costs.
These factors have different levels of
predictability and may vary for the
different sites.

(2) Protection of water should be
considered in the analysis for reasona-
ble assurance of compliance with the
provisions of 5192.02. Protection of
water should be considered on a case-
specific basis, drawing on hydrological
and geochemical surveys and all other
relevant data. The hydrologic and geo-
logic assessment to be conducted at
each site should include a monitoring
program sufficient to establish back-
ground ground water quality through
one or more upgradient wells, and
identify the presence and movement
of plumes associated with the tailings
piles.

(3) If contaminants have been re-
leased from a tailings pile, an assess-
ment of the location of the contami-
nants and the rate and direction ol
movement of contaminated grounc
water, as well as its relative contami
natior should be made. In addition
the assessment should identify the at
tenuative capacity of the unsaturate<
and saturated zone to determine th<
extent of plume movement. Judg
ments on the possible need for remed;
al or protective actions for groundwal
er aquifers should be guided by rel(
vant considerations described in EPA
hazardous waste management systei
(« FR 32274, July 26, 1982) and t
relevant State and Federal Wat<
Quality Criteria for anticipated or e:
isting uses of water over the term i
the stabilization. The decision <
whether to institute remedial actio
what specific action to take, and
what levels an aquifer should be pi
tected or restored should be made or
case-by-case basis taking Into accou
such factors as technical feasibility
"^proving the aquifer in its hydrogi
logic setting, the cost of applicable
storative or protective programs, t
Present and future value of the aqfer as a water resource, the availabil01 alternative water supplies, and 1

18



REFERENCE #47

I

NAVAJO SUPERFUND OFFICE
NANABAH VANDEVER

ABANDONED URANIUM MINE

T. MORRIS JUNE '90



CONTACT REPORT

Meeting: ( ) Telephone: (x) Other: ( )

CONTACT LOCATION: Navajo Superfund Office

ADDRESS: P .O.B. 2946, window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Mike BuMvond, Geologist,New Mexico Abandoned Mine Lands

PHONE: 505-827-5970

FROM (Contacting
party): Tom Morris, Environmental Specialist, Navajo Superfund Office

DATE: 6/19/90

SUBJECT: Abandoned Uranium Mines, Haystack Mountain, NM

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

No inventory or studies have been conducted for the Haystack area,

and none are planned for the future. The NMAML was not aware of

the abandoned Uranium mines at Haystack Mountain. The New Mexico

Office of Surface Mining is believed to have jurisdiction over

the abandoned mines on Indian Allotment Lands.
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- CONTACT REPORT . . . . . . . . _ ^ _ .

Meeting: ( ) Telephone: (x) Other: ( )

CONTACT LOCATION: Nava jo Super fund Office

ADDRESS: P .O.B. 2946 , Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Martin Begay, Director, Navajo Abandoned Mine Lands

PHONE: 602-729-2294

FROM (Contacting
party): Tom Morris, Environmental Specialist, Navajo Superfund Office

DATE: 6/23/90

SUBJECT: Abandoned Mine Lands, Haystack Mountain, NM

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

The Navajo AML has done no surveys of the Haystack Mountain area,
and cla'ims no jurisdiction in relation to Indian allotment lands.
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URANIUM IN THE SAN JUAN BASIN—AN OVERVIEVl*
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WILLIAM L. CHENOWETH
U.S. Energy Research and Development Administration

Grand junction, Colorado

INTRODUCTION
The San Juan Basin of northwest New Mexico has been the
urce of more uranium production than any other area in the

united States. Nearly all of the production has come from the
Grants mineral belt (fig. I). This paper describes the geologic

.ting of the ore deposits in the San Juan Basin, summarizes
; growth of the uranium raw materials industry, and reviews

the resource base.

GEOLOGIC SETTING
In the San Juan Basin, bedded and vein uranium deposits

are in several different rock-types of Mesozoic and Tertiary
; ;. Tabular deposits, which occur primarily in continental,
I vial sandstone of Jurassic age, are the most important. Only
the more significant occurrences are discussed in this paper.

Most uranium deposits are in the Grants mineral belt in
f Kinley, Sandoval and Valencia counties. This cluster of
I ge deposits extends for nearly TOO miles across the southern
flank of the San Juan Basin. Although poorly defined, the belt
V 10 to 20 miles wide. The four principal mining areas in the
t t are Gallup, Smith Lake, Ambrosia Lake and Laguna (fig.
1;. Ore deposits occur from the surface to depths greater than
4,000 feet, although to date all production has come from
a. >osits shallower than 2,000 feet. Deposits in the Grants
r icral belt have been described in detail by Kelley (1963)
and by Hilpert (1969). .

The Todilto Limestone of Jurassic age contains uranium ore
b lies along the southern margin of the Grants mineral belt,
vi :re the limestone has been deformed by intraformational
folding and faulting. Some 2,718 tons of U3O8 have been
p- duced from 42 properties, mainly in the Ambrosia Lake
ai i, accounting for two percent of 'Ke total output of the
mineral belt. At a few places in the Todilto, ore also has been
mined from the underlying Entrada Sandstone of Jurassic age
w -re the ore bodies cross the contact between the two forma-
ti is. Uranium also occurs in the Todilto in the Sanostee area
jf San Juan County, where small trial shipments have been
m.irle from two properties.

he Morrison Formation of Jurassic age was deposited in a
:L.,tinental environment. It consists of interbedded fluvial
.andstone, claystone and mudstone. In the southern San Juan
3. 'n, the Morrison consists of three members, all of which
.c :ain ore deposits. In ascending order, they are the Re-
.apture, Westwater Canyon and Brushy Basin members. In the
\mbrosia Lake and Laguna areas, the Recapture contains
n Dr sandstone beds that are hosts for small uranium de-
>c ts.

The Westwater Canyon Member consists of thick sandstones
vi*u interbedded lenses of relatively thin discontinuous clay-
U e. This member contains large uranium deposits in the
Uuurosia Lake and Gallup areas. The Brushy Basin Member
onsists of greenish-gray mudstone and claystone with in-

P lication authorized by the U.S. Energy Research and Development
"\dministration, Grand (unction Office.

terbedded sandstone and a few thin beds of limestone. A thick
lens of sandstone, the Jackpile sandstone, occurs in the upper
part of the Brushy Basin in the Laguna area, where it contains
large ore deposits. The Brushy Basin also is host for deposits in
the Smith Lake area, although these arc smaller than those at
Laguna.

Uranium deposits of the Grants mineral belt are irregular in
shape and generally are parallel to paleostream channels (fig.
2). The deposits range in size from thin pods a few feet in
width and length to large masses of ore several thousand feet
long, several hundred feet wide and several tens of feet thick.

The deposits are in many different sandstone beds and form
clusters along distinct trends. Some ore has been redistributed,
generally in areas of faulting (fig. 3). The principal ore mineral
in the Grants sandstone deposits is coffinite, a uranium silicate
(U(SiO4). - .(OH).), which is intimately associated with

1 X HA

grayish-black to brown carbonaceous humate, which im-
pregnates the sandstone. Production from the Morrison For-
mation in the Grants mineral belt has amounted to 114,795
tons U3Og.

In the northwestern San )uan Basin, uranium-vanadium
deposits occur in the Salt Wash Member of the Morrison For-
mation on the eastern side of the Carrizo Mountains. This
member, composed of interbedded mudstones and fluvial
sandstones, is the lowermost member of the Morrison and is
present nowhere else in the basin. Mines in the eastern Carrizo
Mountains, astride the New Mexico-Arizona line, have pro-
duced 110 tons U3OR.

South of the Carrizo Mountains, in the Chuska Mountains
near Sanostee, both the Salt Wash and Recapture members
have yielded ore. Sandstones in the Recapture have been the
most productive host rock, from wh:ch 80 tons of U3O8 have
been obtained.

On the eastern flank of the San Juan Basin, the Morrison
Formation has yielded 395 tons of ore, averaging 0.13 percent
U3O8, from two properties on the Ojo del Espiritu Santo
Grant, northwest of San Ysidro.

The Dakota Sandstone of Cretaceous age has yielded 246
tons of U3OS from nine properties in the Gallup and Am-
brosia Lake areas. The Dakota host rocks are carbonaceous
sandstone, carbonaceous shale and lignite. On the eastern flank
of the basin, south of Cuba, New Mexico, 23 tons containing
0.63 percent U3O8> have been mined from carbonaceous shale
and lignite at one property in the Dakota Sandstone.

Uranium occurs in rocks of the Mesaverde Group of
Cretaceous age, at various locations in the San Juan Basin. The
most significant area is near La Ventana on the eastern flank
of the basin. Here, uranium-bearing coal, carbonaceous shale
and carbonaceous sandstone form a mineralized zone several
feet thick in the upper part of the Menefee Formation im-
mediately below the La Ventana Tongue. Studies by Bachman
and others (1959), suggest that a resource of 132,000 tons,
averaging 0.10 percent uranium is present; principally on
North Butte.

A small amount of ore has been produced from a sandstone
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Processing plant (inactive) Geology from Dane and Bachman (1965)

Figure J. Uranium occurrences, mines and mills, San Juan Basin.



URANIUM IN SAN JUAN BASIN

Figure 2. Plan map of ore bodies, Ambrosia Lake area.

in the lower part of the Fruitland Formation of Cretaceous
age, northwest of Farmington.

The Ojo Alamo Sandstone of Paleocene age and the San
Jose Formation of Eocene age contain uranium in Rio Arriba
and San Juan counties. To date, no commercial deposits have
been developed.

In the San Juan Basin, vein-type deposits occur in collapsed
pipe structures in the mineral belt. The most significant struc-
ture is that exploited by the Woodrow mine, north of Laguna.
This mine yielded 67 tons U308 during the middle 1950s.

HISTORY OF EXPLORATION
The first significant discovery of uranium in the San Juan

Basin was in vanadium-bearing carnotite ores in the eastern
Carrizo Mountains west of Shiprock by John Wade in 1918.
By 1920, Wade had 41 claims in various parts of the Carrizo
Mountains (personal communication, 1955), including the
eastern flank. No ore was mined then, due to lack of demand
for either vanadium or uranium.

On of the earliest observations of uranium minerals in the
Grants area was made in 1937 when V. C. Kelley (1963, p. 1)
noted carnotite in a hand specimen which had been collected
by Mr. Whiteside, a local prospector. Since Kelley's observa-
tion was unrecorded, the occurrence of uranium minerals of
the Grants area was overlooked for many years.

Figure 3. Generalized cross section through ore bodies, Am-
brosia Lake area.
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World War II increased the demand for vanadium. Early in
1942, Wade, Curran and Company leased a few plots in the
east Carrizps. In July 1942, the Vanadium Corporation of
America (VGA) leased 12 plots in the east Carrizo area. From
1942 to 1944, these two companies mined carnotite ore from
surface exposures in the Salt Wash Member of the Morrison
Formation. Although these ores were mined for their vana-
dium content, uranium was later recovered from the mill
tailings. Following the termination of vanadium mining in
1944, the Union Mines Development Corporation system-
atically studied the vanadium-uranium deposits in the Mor-
rison Formation in the Carrizo Mountains as part of a general
uranium resource appraisal of the Colorado Plateau by the
federal government's Manhattan Engineer District. Their work
was very thorough and few surface exposures of uranium
known today were overlooked. Coleman (1944) and Webber
(1947) of Union Mines estimated the early ore production for
the eastern Carrizo Mountains as 12,000 tons, averaging 0.27
percent UjOg and 3.00 percent V2O5.

In 1948, prospecting for uranium was stimulated by the
ore-buying schedules and other incentives of the U.S. Atomic
Energy Commission (AEC). In the years that followed, ura-
nium deposits were discovered in the Sanostee area, south of
the Carrizo Mountains, and in the Cuba-San Ysidro area on the
eastern side of the basin. The well publicized uranium dis-
covery by Paddy Martinez in the Todilto Limestone near Hay-
stack Butte in Valencia County in the fall of 1950 brought a
wave of prospectors into the Grants area. In January 1951,
uranium was discovered nearby in the Morrison Formation in
Poison Canyon. This discovery led to the subsequent delinea-
tion of the Poison Canyon trend deposits. In November 1951,
an airborne radioactive anomaly was detected north of Laguna
in Valencia County, by the Anaconda Copper Mining Com-
pany, which led to the development of the Jackpile mine.
Prospecting continued throughout the San Juan Basin, and by
1956 all surface occurrences had been discovered.

Using the cuttings of an oil well on the nearby Ambrosia
dome to ascertain the drilling depths to the Morrison Forma-
tion, Louis Lothman began a wildcat uranium drilling project
in April 1955, in sec. 11, T. 14N., R. 10 W. (Louis Lothman,
1956, written communication). The second hold penetrated
uranium-bearing sandstone in the Westwater Canyon Member.
The discovery stimulated an intensive exploration effort and
led to eventual development of the multi-million-ton deposits
in the Ambrosia Lake area.

During the extensive prospecting that followed the initial
discoveries in the Grants area in late 1951 and early 1952,
several small ore bodies were discovered in outcrops of the
Morrison and Dakota formations in the Gallup and Thoreau
areas. Drilling downdip from these deposits led to the dis-
covery of the larger Blackjack and Church Rock ore bodies in
1958 by the Lance Corporation and Phillips Petroleum, respec-
tively.

In 1962, an ore body was found by Sabre Pinon Corporation
in the northeast Church Rock area, where previous drilling
had penetrated ore-grade material at a depth of about 1,875
feet in the Westwater Canyon Member. Exploration by Kerr-
McGee on adjacent Navajo Tribal lands led to the discovery of
its northeast Church Rock ore body in 1966. Following the
competitive sale of Navajo leases in 1971, exploration efforts
have continued in the northeast Church Rock area and have
been extended eastward into the Crownpoint area, where large
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de%eore bodies are currently being developed by several companies.

The discovery of ore at a depth of 2,700 feet in the West-
water Canyon Member near San Mateo by the Fernandez joint
Venture in the fall of 1968, led to the eastward extension of
the Ambrosia Lake area. Nearly a year later, ore-grade in-
tercepts were found at a depth of 4,000 feet in a hole drilted
by the Bokum Corporation on the flanks of Mt. Taylor. By
early 1971, Gulf Oil had purchased the San Mateo and Mt.
Taylor ore bodies to consolidate its holdings in the east
Ambrosia area. At about the same time, exploration on the
eastern side of Mt. Taylor, especiallv in the Marquez area,
identified ore in the Westwater Canyon Member in an area
previously explored onls for ore in the jackpile sandstone of
the overlying Brushy Basin Member. !n August 1976, Con-
tinental Oil Company announced a major find at the extreme
eastern end of the mineral belt on the Bernabe Montano
Grant.

In January 1974, the Exxon Company signed an agreement
with the Navajo Tribe to explore 400,000 acres of tribal land
in the western San Juan Basin. This agreement was approved
by the Secretary of the Interior in January 1977. As a part of
the agreement, the Navajo Tribe received a $6,327,300 bonus
from Exxon.

In December 1975, the Phillips Petroleum Company an-
nounced the discover> of a large deposit, approximately 25
million pounds U3Os, 12 miles north of Crownpoint in
McKinley County at depths of 3,000 to 3,500 feet. Since this
discovery is considerably north of the present concept of the
Grants mineral belt, it has revived deeper exploration in the
San Juan Basin.

The Mobil Oil Corporation entered into an exploration
agreement with .the Ute Mountain Tribe in January 1976, for
uranium exploration on 162,176 acres of tribal land in south-
western Colorado. This agreement brought the Ute Mountain
Tribe a bonus of $2,432,640.

The magnitude of the exploration efforts expended in the
San Juan Basin can be measured by the amount of surface
drilling that has taken place. n :ords of ERDA's Grand Junc-
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tion Office show that from 1964 to 1977, there were 12,622
holes, having a total footage of 16,002,368 feet, drilled in the
search for new deposits. In addition, 10,991 holes having a
total footage of 13,059,300 feet were drilled for the develop-
ment of deposits. The San Juan Basin had its peak year in
1976 when 7,104 holes having a total footage of 10,916,302
feet-were drilled. This footage represents 32 percent of the
total U.S. surface drilling for uranium in 1976.

PRODUCTION
ERDA records indicate that during 1948-1976, the San

Juan Basin produced 55,649,500 tons of ore averaging 0.21
percent U3O8, and containing 118,018 tons UaOg. In addi-
tion, 1,145 tons U3O8 have been recovered from mine water.
These totals constitute 40 percent of the domestic production
through 1976. Details of this production are summari7ed in
Table 1. The most productive area is Ambrosia Lake, where
the mines, shown in Figure 2. have produced 62,760 tons
U3Og or 53 percent of the basin's total production.

When AEC buying schedules for uranium went into effect in
1948, mining commenced in the King Tutt Mesa area of the
eastern Carrizo Mountains and uranium production in the San
Juan Basin began. The yearly production is shown graphically
in Figure 4.

As the mines in the Ambrosia Lake area came into produc-
tion, the amount of uranium ore produced increased rapidly
(fig. 4). Production reached an all-time high of slightly more
than 7,900 tons of U3O8 in 1962, but declined sharply in
1963 during the AEC's stretchout program. This program,
announced November 17, 1962, extended the government's
procurement program from January 1, 1967, to December 31,
1970. It deferred delivery to 1967 and 1968 of some uranium
concentrates which were originally contracted for delivery
before 1967, and provided for purchase of additional amounts
of concentrates in 1969 and 1970 equal to the amounts de-
ferred to 1967 and 1968.

Since January 1, 1971, when the AEC ceased its procure-
ment program, most uranium purchases have been made by

Table 1. Summary of uranium production, San Juan Basin.

Area and Source

Grants Mineral Belt

Member

Number
Of

Properties

East Carrizo Mountains
«.,.-»„• ' -.,,•„,

Sanostaa

Nacimianto
M,,.. .-,.-. ; , .,.

Type
Of

Mines

Farrnington

Years Of Production
Production Tons U,O,

135' •-.;»(•«..-

'»••-• <«™r.t

!9f>' •-., '97fj

I96J-, ;»«,.i-

'953--,.'956

'.948— „ '968

'95

718

' US

6?

Remarks

I t4ni,-«.-.-J. ;.,-.«!,„ MO

TOT At 119.1S3
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Figure 4. San Juan Basin uranium production, 1948 through
1976.

the nuclear electrical power industry. The decline in uranium
sales in the early 1970s was due to a saturated market and was
accentuated in 1973 by a long strike against Kerr-McGee. The
rise in production in recent years reflects increased demand by
the electric-power utility companies.

Recent large increases in spot prices being paid for uranium
have had little affect on the production in the Grants mineral
belt during 1976. In a recent survey by ERDA, U.S. producers
reported that the prices for uranium delivered in 1976 ranged
from slightly over $6 to nearly $42 per pound. The average
price of uranium reported for actual deliveries in 1976 was
$16.10 per pound. This is due to the fact that most of the
current production is tied to long-term contracts that were
negotiated before the sharp rise occurred. The price of ura-
nium sold by the producers in the Grants area in 1976 prob-
ably is near the national average.

PROCESSING FACILITIES
Early output from the eastern Carrizo Mountains was

shipped to the Vanadium Corporation of America's (VGA)
mill at Durango, Colorado. Shipments continued to the
Durango mill until it closed in March 1963. In January 1952,
the AEC opened an ore-buying station at Shiprock, New
Mexico, and closed it in 1954 when Kerr-McGee Oil Industries
began operating a mill at Shiprock. Although this«.mill was
built to treat ore from the Lukachukai Mountains in north-
eastern Arizona, it also treated ore from non-VCA properties
in the eastern Carrizo Mountains. VGA acquired the Shiprock
mill in March 1963, and operated it until it closed in 1968.
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At first, limestone and sandstone ores from the Grants area

were shipped to the AEC buying station at Monticello, Utah.
In June'.I? 52^33 J\EC buying station was established at Blue-

•water, New Mexico, arid closedwhen the Anaconda mill went
on-strcam at Bluewater in rnidjl̂ g: This mill, using a car-
Bonate-leaching circuit, wasIc^jructed to treat limestone
feres and operated until May 1959. In 1955, Anaconda con-
structed a second mill to treat sandstone ores derived chiefly
from its Jackpile mine.

Following the discovery of the Ambrosia Lake ore bodies,
the AEC established a buying station at Milan, New Mexico, in
mid-1956. In late-1956, the AEC contracted to purchase ura-
nium concentrate from Homestake-New Mexico Partners.
During 1957, additional purchase contracts were signed with
Homestake-Sapin Partners, Kermac Nuclear Fuels and Phillips
Petroleum Company. The four uranium mills required to fulfill
these contracts began operating in 1958.

After the consolidation of the two Homestake mills in
November 1961, the Homestake-New Mexico Partners mill was
shut down in April 1962. When Phillips sold its interests to
United Nuclear Corporation in March 1963, the Phillips mill
was shut down and United Nuclear began shipping its ore for
processing, on a toll basis, to the Homestake-Sapin Partners'
mill. This is the only remaining carbonate-leach mill in the
Grants area, and it is now operated by United Nuclear in
partnership with Homestake Mining Company.

In 1973, Sohio Petroleum Company and Reserve Oil and
Minerals Corporation announced their intention to build a
1,600-tons-per-day mill on their property near Cebolleta, New
Mexico. Construction of this facility began in 1974, and the
mill became operational in August 1976.

In early 1977, the four mills operating in New Mexico had a
combined nominal operating capacity of 15,100 tons of ore
per day, which is nearly half of the total daily national capac-
ity. These mills and operating capacities are as follows:

Tons of Ore Per Day
3,000
7,000

The Anaconda Company
Kerr-McGee Nuclear Corporation
Sohio Petroleum Co.-Reserve Oil

and Minerals Corp. 1,600
United Nuclear-Homestake Partners 3,500

Total 15,100
United Nuclear announced plans to build a mill in the

northeast Church Rock area in the early 1970s. In November
1975, ground was broken and the construction of this 3,000
TPD mill commenced; the target date for operations is the
summer of 1977. United Nuclear and the Sohio-Reserve mills
are the first to be constructed in New Mexico without benefit
of government concentrate-purchase contracts.

During the latter part of 1976, Phillips Petroleum an-
nounced plans for a mill on its Nose Rock property and the
Anaconda Company announced plans to enlarge its plant to a
capacity of 6,000 TPD.

RESOURCES
Uranium resources consist of reserves and potential re-

sources. Reserves are the firmest element of resources, com-
prising deposits that have been delineated by drilling or other
direct sampling methods. Potential resources are the quantities
of uranium estimated to be present in deposits that are in-
completely defined or undiscovered. By declining order of
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reliability, potential resources are divided into three cate-
gories: probable, possible and speculative.

The relationship of reserves to potential resources is illus-
trated below.

URANIUM RESOURCES

DEFINED

RESERVES

5 INCOMPLETELY DEFINED
I OR UNDISCOVERED
I POTENTIAL RESOURCES
5 PROBABLE $ POSSIBLE 5 SPECULATIVE

CHENOWETH

Table 2. Uranium resources of the San Juan Basin.

Tons U,O,
Wh. UjOi Oscovwad

Cost
Category

$15
$30'

Ore
Reserves

225,800
356,400

Undiscovered (Potential!
Probable Possible Speculative

230,000
395,000

250,000
455,000

50,000
65,000

•Includes $15

Ore reserves are calculated from drill hole data and other
engineering sources which are made available to the Grand
junction Office voluntarily fay the uranium companies. Sepa-
rate evaluations are made of the amounts of uranium that
could be exploited at maximum forward costs of $15 and $30
per pound U3Os, using established engineering, geolcjic and
economic techniques and criteria.

Forward costs are those operating and capital costs yet to
be incurred at the time an estimate is made. Profit and "sunk"
costs, such as prior expenditures for property acquisition,
exploration and mine development, are not included. There-
fore, the forward costs are independent of the market price at
which the estimated resources would be sold.

Potential resources, as used by ERDA, are estimates based
on geological judgment of the undiscovered tons of U3O8
present in minable amounts in areas that are relatively un-
explored in detail, but about which enough is known of the
uranium geology to permit prediction of the nature and extent
of favorable geologic environments. The geographic locations
of potential deposits may be definable only within broad
limits. Providing the subjective nature of potential is recog-
nized and taken into account, potential plus reserves provide a
more useful base for long-range predictions of domestic supply
than do reserves alone.

The reliability of potential estimates varies with the classes.
It is greatest in the probable class where there has been exten-
sive exploration and where mines have been developed, thus
defining ore habits, the nature and extent of the favorable host
rocks, etc. The reliability is least in the speculative class where
areas of favorability must be inferred solely from literature
surveys, geological reconnaissance of formation outcrops and/
or the examination of the logs and cuttings of wells drilled for
petroleum or other purposes.

The uranium resources of the San Juan Basin as estimated
by EROA, as of January 1, 1977, are given in Table 2.

Nearly ail of the reserves in both cost categories are in the
Grants mineral belt, and most are associated with operating
mines. The $15 reserves represent 55 percent of the total
domeslic $15 reserves, and the $30 reserves represent 52 per-
cent of the total $30 reserves of the nation.

Probable potential resources in the San Juan Basin are esti-
mated to occur in the uranium areas as extensions of known
deposes, or as new deposits in trends or areas of mineraliza-
tion tfet have been identified by exploration. Possible poten-

tial resources are estimated to occur as new deposits within the
Morrison Formation in areas of the basin which are not yet
completely explored. Subsurface data, largely from oil and gas
wells (Sears and others, 1972) have been used to determine the
extent of the favorable ground. Speculative potential resources
are restricted to Upper Cretaceous and Tertiary rocks which
have not been productive, yet contain uranium occurrences
and favorable geology for larger deposits.

Potential estimates are revised as new information becomes
available. Recent increases in both the probable and possible
classes are the result of new exploration which increased the
size of the areas considered favorable. Speculative potential
estimates are currently under review and will probably be de-
creased due to unfavorable exploration results. The extensive
exploration currently underway within the basin is expected
to convert a large population of the potential resources into
reserves in the foreseeable future.
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CONTACT REPORT

Meeting: (X$ Telephone: ( ) Other: ( )

CONTACT LOCATION: Bureau of Indian Affairs,

ADDRESS: Window Rock, AZ 86515

PERSON CONTACTED
and TITLE: Ervin Mariano, BIA minerals

PHONE: 602-871-6405

FROM (Contacting
party): Tom Morris, Environmental Specialist, Navajo Superfund Office

DATE: 6/26/90

SUBJECT: Subsurface rights on Indian Allotment Lands, and the
connection between allotment lands and the Navajo Nation

INFO.
REPOSITORY:

CONTACT SUMMARY REPORT;

The allottee owns the subsurface rights and is entitled to royalties,

The allottee, if a registered voter with the Navajo Nation, is
entitled to tribal services such as water, housing, electricity,
roads, etc. through their local chapter with the approval of the
area BIA agent.


